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Abstract

To realize the resource utilization of waste mask fibers (MF), a layer of ZnS nanoparticles was grown on MF by a one-step
hydrothermal method, and a MF/ZnS sensor was successfully prepared. This is the first time that resource utilization of MF
has been combined with the development of a high-performance gas sensor. The MF/ZnS sensor showed high sensitivity and
recoverability to target vapors at room temperature. Compared with ZnS powder loaded on a ceramic substrate, the MF/ZnS
composite responses to four analytes have been improved by 8.4~35.2 times. In addition, the time for the MF/ZnS sensor
to complete one response—recovery cycle for all four analytes was less than 30 s. This should be attributed to the high gas
permeability of the MF substrate, which made the ZnS particles loaded on the MF more fully exposed to contact with the
target vapors. This work not only provides a simple and low-cost method to optimize the sensing performance of gas sensors
but also provides a new way for the resource utilization of MF.
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pandemic. The main component of waste masks is polypro-
pylene (PP) fibers, which take hundreds of years or more to
degrade in the environment, slowly turning into microplas-
tics.> Microplastics in soil and water can be absorbed by
plants and plankton, and can be enriched in fish, animals,
and humans, which will cause potential harm.* It is esti-
mated that, by 2020, at least 1.56 billion surgical masks have
been discharged into the ocean, posing a threat to marine
creatures and ecosystems.’ The traditional handling methods
of waste mask fibers (MF), such as incineration and landfill,
can also cause serious pollution to soil and water sources.
Therefore, it is particularly urgent to find a new solution for
resource utilization different from the traditional incineration
and landfill treatment.®’” For example, Singh et al.® used a
one-step preparation method to impregnate surface-modified
silica particles on commercial PP nonwovens to produce
superhydrophobic properties and excellent oil-water sepa-
ration capabilities. Soochan et al.? sulfonated MFs soaked in
fuming sulfuric acid to prepare a separator with high safety
and excellent electrochemical properties for water-based
rechargeable batteries. There are only a few studies on the
recycling of used masks, which achieved good results. How-
ever, there is still relatively little research on the resource
utilization of used masks compared to the large number of
used masks waiting for disposal. Therefore, more research
is needed to develop a new path for the resource utilization
of waste masks.

On the other hand, gas sensors are one of the core
devices of the Internet of Things and the Industrial Internet
of Things, and play an increasing role in production and
life.!!> With increasing attention on industrial safety, envi-
ronmental pollution, air quality, accurate detection and early
warning of flammable, and explosive and toxic gases have
become the main challenges.'*'® For example, hydrogen
peroxide (H,0,) plays an important role in the food indus-
try, textile industry, pharmaceutical research, and medical
diagnosis.'”* However, if too much H,0, enters the body
through the respiratory tract, it can lead to genetic mutations
and lung damage.?® Therefore, there is a general trend to
develop a high-performance gas sensor to monitor flamma-
ble, explosive, and toxic gases. Ideally, gas sensors should
have high sensitivity, high selectivity, fast detection, low
cost, and can work at low temperatures.”’?® In the past few
decades, although the gas-sensitive performance of metal
oxide semiconductors has made many satisfactory results,
the poor selectivity and the high working temperature
(150~400°C) remain to be improved.'*?® The stability and
service life of sensors can be affected by the high working
temperature. The high working temperature of a sensor can
also pose ignition risks in the detection of flammable and
explosive analytes.'>**3? What is more, ceramics, plastic,
and rubber with low gas permeability are commonly used
as sensing substrates in current gas sensors.>>*! The low
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gas permeability of sensing substrates hinders the effective
exposure of sensing materials to the target gas, limiting the
improvement of the gas-sensing performance.’* It is well
known that disposable masks have excellent gas permeabil-
ity. Moreover, due to their disposable use, the MFs of waste
masks still maintain a good state and can be used as a sens-
ing substrate.

As far as we know, the application of MFs in the field of
gas sensors has not previously been reported. In this work,
the resource utilization of MFs has been combined with
the development of high-performance sensors to solve the
above-mentioned problems. A layer of ZnS nanoparticles
was successfully grown onto the MFs by a one-step hydro-
thermal method to prepare MF/ZnS sensors. The gas-sensing
performance of a MF/ZnS sensor for H,O, at room tempera-
ture was tested. At the same time, the influence of MFs with
good gas permeability on the gas-sensing performance of
MF/ZnS has been analyzed.

Materials and Methods
Materials

Used medical masks were produced by Xinjiang Jintianshan
Medical Equipment, and were worn by students at Xinjiang
University. Zinc acetate was purchased from Tianjin Shen-
gao, and L-cysteine was purchased from Aladdin.

Synthesis

A MF/ZnS composite film was prepared by a one-step
hydrothermal method** at 160°C for 6 h (Fig. 1). First, the
MF was disinfected with medical alcohol and cut into strips.
Second, the cleaned MF was added to the mixture of zinc
acetate and L-cysteine for 20 min and then put into the dry-
ing box for hydrothermal reaction at 160°C for 6 h. Third,
the MF/ZnS film was put into deionized water for ultrasonic
treatment and dried at room temperature. After the sam-
ple was taken out, the remaining solution was centrifuged,
and the precipitate of ZnS nanoparticles was collected and
coated onto a rigid interdigital electrode for comparison with
the gas-sensing properties of the MF/ZnS composite.

Characterization

The morphology of the samples was characterized by field-
emission scanning electron microscopy (FE-SEM; S-4800;
Hitachi, Japan) and optical microscopy (BX53M; Japan).
The structure and composition of the samples were char-
acterized by x-ray diffraction (XRD; Bruker D§ Advance,
with Cu-Ka radiation) and UV spectrophotometry (UV-Vis;
Lambda 650; USA).
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Fig. 1 Flow chart of processing and preparation of MF/ZnS composites.

Results and Discussion
Structure and Morphology Analysis

As can be seen in Fig. 2a, b, the surface of pure MF is
smooth and the fiber diameter is about 25.8 pm (inset in
Fig. 2a). Although the diameter of the MF/ZnS fibers does
not change (inset in Fig. 2¢), the fiber surface of MF/ZnS
becomes rough due to the loading of ZnS nanoparticles
(Fig. 2c—f). The uniform growth of the sensing material
layer provides a good foundation for the gas sensitivity
and mechanical properties of the MF/ZnS composite.*
Meanwhile, the surface of the MF/ZnS fibers was etched
into spotty pits at high temperatures (inset in Fig. 2e),
which facilitated the solid loading of the ZnS nanopar-
ticles. Elemental analysis showed that the MF/ZnS com-
posite contained S and Zn elements in addition to C and
O elements (Fig. 2g). The uniform mapping of these S
and Zn elements also indicated that the ZnS nanoparti-
cles were uniformly distributed on the surface of the MF.
Figure 2h—j shows that the ZnS nanoparticles coated on
the rigid substrate exhibited an agglomeration phenom-
enon due to their large surface energy. Nevertheless, the
agglomeration reduces the chance of contact between the
ZnS particles and the target gas, which is not conducive
to the improvement of the gas-sensing performance of
the ZnS particles. For the MF/ZnS composites, the uni-
form growth of the ZnS particles and the large amount of
space between the fibers improved the exposure rate of the

Zn(C,H;0,),

L-cysteine

Ultrasonic

sensing material, and enhanced the interaction between the
target gas and the sensing material, laying a good founda-
tion for improving the gas-sensing performance. !>’

As shown in Fig. 3a, b, compared with pure MF, the
MF/ZnS composite still maintains a good fiber structure,
and the diameter of the fibers does not change, which is
consistent with the observation of SEM. More importantly,
it can be seen from Fig. 3a, b that both the pure MF film
and the MF/ZnS composite have good gas permeability. As
shown by Fig. 3c, the MF/ZnS film is still free of cracks or
fractures after 20 g of weight, indicating that the MF/ZnS
film has good mechanical strength.?” As shown in Fig. 3d,
the UV-Vis absorption of the MF/ZnS film is stronger than
the pure MF, especially in the UV region and the color of
the MF/ZnS film becomes darker (Fig. 3d). This suggests
that the MF/ZnS film might be used to make UV-shielding
clothing. As can be seen from Fig. 3e, the pure MF has
two strong diffraction peaks at 14.1° and 17.1°, and two
weak diffraction peaks at 18.5° and 21.8°, respectively,
which corresponds to the standard card (PDF#54-1936)
for PP. The MF/ZnS film not only has the characteristic
peaks of PP but also has new diffraction peaks at 28.5°,
47.5°, and 56.3° ¢, corresponding to ZnS nanoparticles
(PDF#77-2100). The characteristic peaks of the PP of the
MF/ZnS composite indicate that the structure of the PP is
not destroyed by hydrothermal reaction. This may be the
reason why the MF/ZnS composites still maintain good
mechanical strength after the hydrothermal reaction.
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Fig.2 SEM images of (a, b) pure MF (inset in a: statistical diameter of MF), (c—f) MF/ZnS composite (inset in c: statistical diameter of MF/
ZnS); (g) element mapping of MF/ZnS composite; (h—j) SEM images of pure ZnS particles.

Gas-Sensing Property of MF/ZnS Composites

The gas-sensitive properties of MF/ZnS films and ZnS pow-
ders loaded on ceramic substrates were tested at 4 V using a
CGS-MT Multi-functional Probe Station at room tempera-
ture and with a relative humidity (RH) of about 35%. The
experimental results are shown in Fig. 4a, b for the gas-
sensitive properties, and the average response (Fig. 4c) and
response time (Fig. 4d) of the ZnS powder and MF/ZnS
composite materials, respectively. Both the MF/ZnS film
and the ZnS powder loaded on a ceramic substrate showed
good stability in three continuous response—recovery cycles.
Compared with the ZnS powder loaded on a ceramic sub-
strate, the responses of the MF/ZnS composite to 85% RH
and 1000 ppm of NH;, CH,0, H,0, have been improved by
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35.2 times, 16.2 times, 8.4 times, and 25.1 times, respec-
tively. This is mainly because the MF as the sensing sub-
strate has high gas permeability, which makes the ZnS parti-
cles loaded on the MF more fully exposed to contact with the
target gas. At the same time, it can be seen that the response
of the MF/ZnS sensor to H,0, is more than 16 times that
of other gases at the same concentration, showing the good
selectivity for H,0O,. For the MF/ZnS film and ZnS powder
loaded on ceramic substrates, their recovery times (Fig. 4¢)
and response times (Fig. 4a, b) are not more than 3 s and
0 s, respectively, basically showing a fast response. Overall,
the response time of the MF/ZnS film to the target analyte is
slightly longer than that of the ZnS powder, and its recovery
time is shorter than that of the ZnS powder (Fig. 4d, e). Both
of them can complete a response—recovery cycle in 30 s. The



Gas-Sensing Properties and Preparation of Waste Mask Fibers/ZnS Composites

3847

—MEF/ZnS

300 600
Wavelength (nm)

—MF
—MEF/ZnS

47.5

20 40
2 0 (degree)

Fig. 3 Optical microscope images of (a) pure MF and (b) MF/ZnS composite; (c) tensile test of MF/ZnS composite; (d) UV-vis absorption spec-

tra; (e) XRD patterns of samples.

good sensing performance of the MF/ZnS film shows that
the resource utilization of MF not only reduces the environ-
mental pollution caused by plastic waste and the production
cost of sensors but also improves sensing performance.

To verify the generality of this study, several compara-
tive experiments were carried out. ZnS nanomaterials were
loaded onto another PP-based mask product disinfected
with alcohol (MF-1), new mask products without disinfec-
tion (MF-2), and cigarette filter filler (CF) under the same
experimental conditions. MF-1/ZnS, MF-2/ZnS, and CF/
ZnS were prepared into gas sensors. It can be seen from the
XRD patterns (Figure S1) that the positions of the charac-
teristic peaks of the MF-1/ZnS and MF-2/ZnS composites
are the same as the MF/ZnS composites. CF is composed of
cellulose acetate,’*" and the characteristic peak of the pure
CF and CF/ZnS in Figure S1 can be seen at 12.7°,% while
the XRD peaks of ZnS can be seen at 28.5° and 47.5° in the
CF/ZnS composite, which indicates that CF/ZnS composites
have also been successfully prepared.

The sensing performance of the MF-1/ZnS, MF-2/ZnS,
and CF/ZnS composites were tested (Figure S2) and com-
pared with the previous experimental results (Fig. 4). In gen-
eral, the sensing results of the MF-1/ZnS and MF-2/ZnS

sensors are very close, which reflects that the influence of
alcohol disinfection on its gas-sensing performance can be
basically ignored. Moreover, the MF-1/ZnS and MF-2/ZnS
sensors are similar to the CF/ZnS sensor, showing similar
sensing trends to the target analytes. In addition, compared
with the MF/ZnS, MF-1/ZnS, and MF-2/ZnS sensors, the
responses of the CF/ZnS sensor to the target gas has signifi-
cantly decreased. This may be that the CF of cigarettes does
not have as good gas permeability as MF and MF-1, so the
gas-sensing performance has also decreased. Nevertheless,
their gas-sensing performance is also significantly better
than that of ZnS coated on rigid substrates. This shows that
our method of using MF to prepare gas sensors has good
universality, and that the MF with excellent gas permeability
is very suitable for the substrate of gas sensors.

Analysis of Sensing Mechanism

The conductivity of the sensing material depends on the
adsorbed gas molecules.*! It is well known that ZnS is
an n-type semiconductor.’® When the MF/ZnS sensor is
exposed to reducing gases, such as NH; and CH,0, the gas
molecules release electrons into the MF/ZnS in the reaction

@ Springer



3848

Q.Y.Wang et al.

(a) ZnS (b) MEF/ZnS
o 4 IF AT 1801 'Tres=21.81 5
= |
Q:és_ VAN 90
s> 24 | Trecov=0.95
& &~ 0 ' : . 0 ‘recov=0.93 s
0 60 70 140 15 30
30F == 600
v r | Tres=24-89s
2 | |
2151 [} 3001
< S/
0 : : . 0- i
0 30 70 140 15 30
gZO'r - : 20 Tres=20.11 S 200 | :
Q= |
Y 210y /|| 10; 1004 / |1
& o] | 0. Trecov=2.57's 0' I
0 50 100 8 16 24 0 70 140
@400:- =15 4001 7,6=18.26 5 10k : 10k{ Tpes=25.44 s
@ )
o gzoo: | 200 5k : sk
Y @ ]
é é 0_' ) ' . rec9v=3-90,5 0 | 0 Tr'ec0v=2.22 S
0 50 100 8§ 16 24 0 70 140 0 15 30
Time (s) Time (s) Time (s) Time (s)
(© (d) ((9)
Bl 85% RH Bl H,0, Bl CH,0 Il NH;
12k 40 4
O
3
g E
210k 2
é300 E

MEF/ZnS

MEF/ZnS

ZnS ZnS

MF/ZnS

Fig.4 Sensing curves to different target gases of (a) ZnS loaded on a ceramic substrate, (b) MF/ZnS composite; (c) responses, (d) response

times, and (e) recovery time of ZnS and MF/ZnS composite.

process, making the current of MF/ZnS increase rapidly.
H,0, is an oxidizing gas; however, the sensing signal of MF/
ZnS to H,O, gas is abnormal, which is in the same direc-
tion as that of the reducing gas. H,0, is reported to react
in the two ways, depending on the concentration of H,O,.
At high H,0, concentrations (about 10% by volume), the
mechanism is*>*;

2H,0, - 2H,0 + O, 6))

At a lower concentration (2.1% by volume), the reaction
is:

2 H,0, - 2H,0 + 0.87 0, + 0.08 O, )

In this work, 30 wt% H,0, was used to produce the
H,0, gas by thermal evaporation. According to Eq. (1), the
main decomposition products of H,0, are H,0O and O,. O,
may be first adsorbed to the surface of the MF/ZnS in the
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sensing process, and O, captures electrons from the MF/ZnS,
increasing the charge depletion layer (Fig. 5). The increase
of the charge depletion layer will effectively improve the
sensitivity of the MF/ZnS sensor. Then, the H,O vapor is
adsorbed on the surface of the MF/ZnS to form a more obvi-
ous sensing signal, which is a unique signal belonging to
H,0,. As aresult, the MF/ZnS sensor has a higher sensitiv-
ity to H,O,, and the sensing signal to H,O, is in the same
direction as that at 85% RH.

Conclusions

A MF/ZnS sensor has been prepared for the first time by
a hydrothermal method with MF as the sensing substrate.
The MF/ZnS sensor showed high sensitivity and recover-
ability to four analytes at room temperature. Compared with
ZnS powder loaded on a ceramic substrate, the MF/ZnS
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Fig.5 Possible sensing mechanism of MF/ZnS composites

composite responses to four analytes have been improved by
8.4~35.2 times. This high sensitivity should be contributed
to the high permeability of the MF, which makes the ZnS
particles loaded on the MF more fully exposed to contact
with the target gas. Furthermore, the response of the MF/
ZnS composite to H,O, is more than 16 times that of other
gases at the same atmospheric concentration, showing high
selectivity to H,O,. This work provides a new way for the
resource utilization of MF and the development of high-
performance sensors, inspiring other applications, such as
photocatalysis, energy storage, electromagnetic shielding,
etc.
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