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COVID-19 is a pandemic that has caused serious disruption in almost every day-to-day life around the world, and
wearing a mask is essential for human safety from this virus. However, masks are non-recyclable materials, and
the accumulation of masks used every day causes serious environmental issues. In this study, we investigate the
recycling of mask materials for addressing the environmental problems and transforming as a high value-added
material through chemical modification of masks. The recycled mask is applied as a separator for aqueous

rechargeable batteries, and shows outstanding safety and electrochemical performance than the existing sepa-
rator. This approach will lead to an advanced energy technology considering nature after overcoming COVID-19.

1. Introduction

The COVID-19 pandemic has caused major disruptions to daily life
globally, with more than 209 million infections (August 2021) and a
steady rise in new cases [1]. Wearing masks (including respirators) in-
doors and outdoors is recommended as a personal preventive measure
against COVID-19 [2]. The use of masks has increased rapidly, with
more than 130 billion masks being discarded every month [3]. Recycling
and separating the various components of masks is difficult; as a result,
masks end up being incinerated or disposed in landfills, which leads to
ecosystem disruption and environmental pollution [2,3]. Therefore,
disposal of masks and residual materials is a major recent environmental
issue.

Typically, the N95 grade (KF94; South Korea, KN95; China, DS/
DLS2; Japan, FFP2; European Union) mask comprises multiple layers of
Polypropylene (PP)-based nonwoven fabrics, where the most critical
layer is the middle layer, which is produced by the melt-blown process
[2]. The Middle filter layer (MF) comprises a three-dimensional (3D)
network with a porosity of 90%, and it is highly hydrophobic, allowing it
to effectively filter micro-level viral aerosols and dust [2,4]. Having a
similar structure, three-dimensional porous polymeric films are
considered promising in various fields such as energy, biological, and
environmental applications, where they afford a large surface area
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[5,6]. The recycling of masks to exploit these advantages provides two-
pronged benefits: environmental remediation and high value-added
creation. Herein, we develop a high-value-added product by recycling
masks used for COVID-19 prevention into highly efficient functional
separators for aqueous rechargeable batteries (ARBs). As conventional
separators, Glass fiber (GF)-based microporous separators have been
widely used in most ARBs owing to their excellent wettability by
aqueous electrolytes [7,8]. Nevertheless, the cost and thickness (~380
pm) of GF separators may impede their utility in commercial ARBs [7,8].
Therefore, finding an alternative to GF separators is urgent for the
commercialization of ARBs. Thus, the MF is a promising candidate as a
new alternative separator for ARBs, which can provide enhanced me-
chanical properties while being lightweight and allowing facile elec-
trolyte transport, as well as affording a cost-effective and
environmentally friendly processes through recycling masks.

2. Results and discussion

The proposed strategy for fabricating functional separators using
recycled mask is presented in Fig. 1a. Through a simple reaction be-
tween PP and fuming sulfuric acid (FSA) [9], the hydrophobic surface of
PP can be converted to hydrophilic with abundant ~-OH and -SOsH
groups within 10 min (see the supporting information for experimental
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Fig. 1. a) Schematic of respirator (mask) recycling; b) optical image of three-layered mask; ¢) SEM image and optical image of pure Mask filter (MF), d-f) SEM image
and optical image of sulfonated MFs (S-MF2, S-MF4, and S-MF6); g) EDS mapping of S-MF.

details). This process facilitates the conversion of discarded masks into
high value-added products, while simultaneously removing the impu-
rities in the masks. The structure of a mask consists of multiple layers
(Fig. 1b). The MF consists of PP microfibers with a diameter of 1-10 pm
and a thickness of approximately 140 pm (Fig. 1c and Fig. S1). After
functionalization of MF with FSA, the color of the MF changed to light
brown, and the fiber had a tough surface accroding to the FSA treatment
time from 2 min to 6 min (Fig. 1d—f; S-MF2, S-MF4, and S-MF6). Rapid
collapse of the surface and fiber was observed when FSA treatment was
performed for more than 8 min (Fig. S2); thus, the appropriate time for
surface treatment was set to < 8 min. The distribution of C, O, and S
from energy dispersive spectroscopy (EDS) analysis (Fig. 1g and Fig. S3)
further confirmed the uniform functionalization of the MF surface by
FSA.

Detailed characterization of the structure and chemical features of
the functionalized MF are shown in Fig. 2. MF functionalized by FSA (S-
MF) has three types of chemical groups that can be transformed by
sulfonic groups, according to previous studies. Abundant sulfonic groups
can form metal-SO3 complexes with metal ions, which can offer
improved ion transport when used as a battery separator [10,11]. With
increasing modification time of MF by FSA, the intensity of the spec-
turms which presented -OH and -SOsH groups increased based on the
FT-IR spectra (Fig. 2b and Fig. S4). Pure MF presents the clear spectrum
at 2954, 2915, 2871, 2839, 1451, 1374, 1165, and 1103 cmfl, which
are assigned to CHs stretching (2954 and 2871 cm™1), CHj stretching
(2915 and 2839 cm™!), CH, and CH3 bending (1451 cm ™ 1), CHs bending
(1374 cm’l), and C—C stretching (1165 and 1103 cm’l). S-MF
exhibited additional spetrum at 3419 cm ™, broad peak near 1629 cm ™2,

1245 cm™}, and 1057 cm ™}, which are assigned to O—H strectching, the
vibration of C=C group, O—S—O0 asymmetric stretching, and O—S—0
symmetric stretching [9,12-14].

Elemental analysis (Table S1) indicated increased formation of
-SO3H groups over the treatment time increased S content. From the
increase S content, we could expected the SOsH content of S-MFs (S-
MF2: 5.1 %, S-MF4: 6.8 %, and S-MF6: 9.9%) The X-ray photoelectron
spectra (XPS) of S-MF (Fig. 2¢ and Fig. S5) confirmed the appearance of
peaks of S 2p;, (observed at 169.13 and 170.3 eV) and S 2p3/» (at
168.52 eV). Moreover, the charateristic peaks at 168.52, 169.13, and
170.3 eV could assign to S=0, C—SO3, and —C—SOx (x = 2,3,4),
respectively, which supports the assumed formation of surface SOsH
groups [15-17].

Thermogravimetric analysis (TGA) displayed a two-step degradation
profile for the S-MFs (Fig. 2d), where the first weight loss (200-250 °C)
was assigned to the degradation of SOsH [18]. Upon increasing the SOsH
in the S-MFs, the first weight loss changed from ~96% to ~91%.
Changes in the mechanical properties of MF according to the degree of
modification are reflected in the stress-strain curves (Fig. 2e). First, the
MF has robust properties compared to the blank GF (as a conventional
separator). Upon increasing the MF modification time, the mechanical
properties were slightly degraded. A sharp decrease in the mechanical
properties was observed when FSA was treated for 6 min, related to
increased surface defects. Moreover, after folding and twisting S-MF in
50 repeated cycles, the structure was stable without collapse and tear,
unlike GF (Fig. S6). Thus, S-MF is expected to provide enhanced me-
chanical properties, compared with GF. As discussed earlier, the gen-
eration of SOsH groups on the surface of MF increased the
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Fig. 2. a) Expected FSA process for polypropylene (PP), b) FT-IR spectra of pure MF and S-MF (S-MF6), c) XPS S 2p core level spectra of S-MF, d) TGA profiles of MF
and S-MFs, e) stress-strain curves of blank glass fiber separator (GF), MF, and S-MFs, and e) digital photographs of contact angle of a 5 pL. water drop on MF and
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Fig. 3. a-d) Cycling performance of Zn//Zn symmetric cell with blank GF and S-MFs at current density of 0.5 mA cm~2 (for 0.25 mAh cm~?); e) detailed voltage
profiles obtained from Fig. 3a—d; f) cycling performance of Zn//Zn symmetric cell with optimized S-MF at current densities of 0.5-12 mA cm~% g) cycling per-
formance of Zn//Zn symmetric cell with optimized S-MF at 2 mA cm 2 for 1000 h.

hydrophilicity, as confirmed by measuring the contact angles of the
prepared S-MFs (Fig. 2f). The contact angles of GF exhibited in Fig. S7.
The hydrophilicity of S-MF improved with increasing FSA treatment
time. Therefore, considering these results (proper mechanical properties
and hydrophilicity as a separator), 4 min is considered adequate for
obtaining the optimized S-MF (S-MF4).

The developed S-MFs were used in the separator of aqueous Zn-ion
batteries (ZIBs). ZIBs are considered the most promising candidates for
large-scale energy storage systems because of their many advantages:
abundant and cost-effective active materials, safe and stable working
systems, high theoretical volumetric and gravimetric capacities of 5855
mA h cm™ and 820 mA h g7}, and eco-friendly fabrication process
[19-21].

However, the growth of Zn dendrites on Zn anodes during battery
cycling is a critical issue that must be addressed for the commerciali-
zation of ZIBs with efficient electrochemical system and safety battery.

As the separator for ZIBs, S-MF can provide a stable and electro-
chemically efficient battery system through mechanical suppression
based on its 3D-structure, good electrolyte wettability, and facile ion
transport owing to the abundant polar functional groups. To confirm the
reactivity between Zn anode and S-MF separator, Zn anode was con-
tacted for 24 h with wetted S-MF in 2 M ZnSO4 aqueous solution.
Through the XRD analysis, Zn anode remained the initial state without
side reaction (Fig. S8).

The electrochemical behavior of the conventional GF (blank) and S-
MF separator in a Zn//Zn symmetrical cell with 2 M ZnSO4 aqueous
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Fig. 4. a) and b) Cycling performance of Li//Li symmetric cell with blank PP and S-MF, respectively, at a current density at 0.5 mA cm~2 (for 0.5 mAh cm™2); ¢)

detailed voltage profiles from Fig. 4a and b; d) LSV curves of Li//separator//SS cells at scan rate of 0.1 mV s

electrolyte is presented in Fig. 3a—d. At a current density of 0.5 mA cm ™2
(0.25 mAh cm’z), the over—potential of the blank cell was ~80 mV,
whereas the over-potential of the S-MF symmetrical cells was lower,
with a flat voltage plateau: 36 mV (S-MF2), 24 mV (S-MF4), and 30 mV
(S-MF6). The low over—potential and flat voltage plateau indicate the
reduced resistance in Zn nucleation and growth, which effectively im-
proves the quality of the Zn plating and lowers the energy consumption
[22]. The electrochemical impedance spectrum (EIS; Fig. S9) shows the
low electrochemical resistance of the Zn symmetrical cell with S-MFs,
indicating facile ion transport owing to the advantages of S-MFs. Among
the symmetrical cells, that employing S-MF4 displayed superior elec-
trochemical performance based on the suitable mechanical and ionic
properties of S-MF4 (Fig. 2e and S8). Moreover, S-MF4 derived from
other mask brand also presented similar electrochemical performance
(Fig. S10). The structure of most MF is similar due to thea similar
manufacturing process (melt-blown) under the required conditions (like
as KF94, KN95, etc.). Detailed electrochemical evaluation of S-MF4 was
undertaken by evaluating the rate performance at various current den-
sities and the symmetrical cycling performance at 2 mA cm 2 The
symmetrical cell with S-MF4 showed stable voltage profiles with a low
voltage hysteresis at high current densities (Fig. 3f). Upon increasing the
current density from 0.5 to 12 mA cm ™2 the cell retained a stable
voltage hysteresis without short-circuiting, and the voltage hysteresis
recovered to the initial state at a current density of 0.5 mA cm™2
(Detailed voltage hysteresis in Fig. S11. Moreover, as shown in Fig. S12,
Zn//Zn cell with conventional GF separator with increasing the current
density from 0.5 to 12 mA cm 2, the cell presented high voltage hys-
teresis, and the voltage hyteresis when the current density recovered to
the initial current density of 0.5 mA cm 2 exhibited assymmetrical
voltage profiles unlike symmetrical profiles of Fig. 3f. After 1000 h of
battery cycling at 2 mA cm™2, the S-MF4 cell showed a stable voltage
profile with a relatively low voltage hysteresis of 41 mV, and stable
Coulombic efficiency (Fig. 3g and Fig. S13). Moreover, after cycling, the
S-MF and Zn metal anodes exhibited a stable morphology without
structural collapse or serious deformations (Fig. S14). Thus, S-MF could
deliver improved mechanical and electrochemical systems, leading to
stable battery performance. As a modification of conventional PP based
separator, an FSA-modified PP separator (S-PP) was prepared to confirm
the effects of S-MF. Unlike S-MF, S-PP underwent rapid structural
collapse and tearing despite the short modification time. When used as a
separator for ZIBs, S-PP showed high electrochemical resistance and
irregular cycling performance because of the low ion transport due to

~1; &) Nyquist plots of Li//separator//SS cells.

the pore size (Fig. S15 and S16). Thus, S-MF is more suitable as a
separator for ARBs.

Fig. S17 presents the electrochemical performance of full cells
comprising a Zn anode and MnO; cathode in a 2 M ZnSO4 + 0.2 M
MnSO4 aqueous electrolyte, demonstrating its practical application.
Fig. S17a shows the CV curves of the prepared Zn-MnO, cells with the
blank (GF) and S-MF separator in the voltage range of 0.7-1.9 V (vs. Zn/
Zn%") ata scan rate of 0.5 mVs L. Compared with the cell with the blank,
the cell with S-MF displayed higher redox current densities and smaller
polarization between the redox peaks, indicating an efficient electro-
chemical system. The cell with S-MF demonstrated good cycling stability
(Fig. S17c), with 93.5% retention of the original specific capacity at 0.2
A gL after 200 cycles, owing to the improved electrochemical interface
system. Meanwhile, the cell with the blank exhibited unstable perfor-
mance with rapid specific capacity decay. From these results, it can
predict the possibility of developing S-MF into combinations with
various electrodes by applying it as a separator.

For further applications in conventional organic electrolyte systems,
S-MF was evaluated as a separator for lithium-ion batteries (LIBs). LIBs
are typical energy storage systems that operate in carbonate- or ether-
based organic electrolytes [23-25].

Generally, a hydrophobic PP-based separator produced by the dry
method is used with 25 pm thickness and a pore size of ~100 nm. To
investigate the effect of S-MF on Li-metal anodes, galvanostatic cycling
was carried out at 0.5 mA cm™2 in Li//Li symmetric cells with con-
ventional PP and S-MF separators to observe the Li stripping/plating
process in this system (Fig. 4a and 4b). The voltage profile of the sym-
metric cell with S-MF was smooth with a low voltage hysteresis
throughout cycling, suggesting homogeneous current distribution at the
Li metal surface [26,27]. As shown in Fig. 4c, stable voltage profiles of S-
MF were observed, where the positive effects of S-MF on the LIB are
derived from the porous structure of S-MF, robust mechanical proper-
ties, and facile ion transport through the interaction of Li™ ions and SO3~
groups on the S-MF surface. S-MF presented better electrochemical
stability than the blank PP separator, as evaluated by LSV analysis at
0-5V (vs. Li/Li™) (Fi g. 4d). The anodic potential window of the blank PP
separator reached 4.6 V and that of S-MF reached 4.75 V. The electro-
chemical resistance of Li metal//separator//SS cells was measured by
EIS (Fig. 4e), where the ion conductive characteristics of the cell with S-
MF were similar to that with blank PP when the same electrolyte con-
tent, despite the thickness of the S-MF. Considering these characteristics,
S-MF is expected to be highly utilized not only in aqueous electrolyte
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systems, but also in organic electrolyte systems, and will further increase
the value of recycling masks. In addition, to optimize for lithium ion
batteries with organic electrolyte, reducing the thickness of S-MF like as
conventional PP separators will be a necessary part of the next genera-
tion of researches, and as a suggestion of these studies, there may be
development via cold-pressing for dense and thin separator and fabri-
cating integral battery system including electrode, separator, and solid
electrolyte.

3. Conclusion

In summary, a new approach for recycling masks to a high-value
product, namely a highly efficient functional separator for recharge-
able batteries, was developed. The discarded MF was converted to a
valuable product through simple treatment using FSA within minutes.
The recycled product presents better performance than conventional
separators, emphasizing its importance. As a further advanced
approach, recycling of MF via various chemical modifications is ex-
pected to be promising in numerous research fields (such as environ-
mental catalyst, bio-engineering, energy-transforming), as well as
separator for rechargeable batteries. From this approach, we will expand
the research to produce more valuable products for human and nature.
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