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ARTICLE INFO ABSTRACT

Keywords: The demand for disposable face masks (DFMs) increased sharply in response to the COVID-19 pandemic.

CQVID-19 However, information regarding the underlying roles of the largely discarded DFMs in the environment is

I]\)/IISPCisable face masks extremely lacking. This study focused on the pristine and UV-aged DFMs as vectors of metal ions (Pb(II), Cd(II),
etals

and Sr(II)). Further, the aging mechanism of DFMs with UV radiation as well as the interaction mechanisms
between DFMs and metal ions were investigated. Results revealed that the aging process would help to promote
more metal ions adsorbed onto DFMs, which was mainly attributed to the presence of oxygen-containing groups
on the aged DFMs. The adsorption affinity of pristine and aged DFMs for the metal ions followed Pb(II) > Cd(II)
> Sr(Il), which was positively corrected with the electronegativity of the metals. Interestingly, we found that
even if DFMs were not disrupted, DFMs had similar or even higher adsorption affinity for metals compared with
other existing microplastics. Besides, regarding environmental factors, including salinity and solution pH played
a crucial role in the adsorption processes, with greater adsorption capacities for pristine and aged DFMs at higher
pH values and low salinity. Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy, and
density functional theory further confirmed that the pristine DFMs interacted with the metals mainly through
electrostatic interaction, while electrostatic interaction and surface complexation jointly regulated the adsorp-
tion of the metals onto aged DFMs. Overall, these findings would help to evaluate environmental behaviors and
risks of DFMs associated with metals.

Adsorption mechanisms
UV radiation

1. Introduction three kinds of DFMs are widely used by medical personnel and the

public, namely surgical or medical masks, respirator masks (N95, FFP2),

Since the COVID-19 pandemic, there has been an unprecedented
increase in single-use plastics such as gloves, protective medical suits,
face masks, takeaway plastics, and medical testing kits [1]. Disposable
face masks (DFMs) can effectively prevent respiratory droplets from
entering through the mouth and nose, and prevent the discharge of
mucosal saliva droplets by the infected [2,3]. In response, people around
the world are urged to wear DFMs in public places for the pandemic
prevention and control [4]. Generally, DFMs are mainly made of poly-
mer materials such as polypropylene (PP), polyethylene glycol tere-
phthalate (PET) and polystyrene (PE), and consist of four parts: inner
layer (fiber material or non-woven), middle layer (melt-blown filter),
outer layer (non-woven), and ear ribbon (fiber material) [5,6]. Besides,
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and non-certified masks (cloth masks) [7,8]. Recently, several high-
performance multifunctional DFMs (e.g., biofilm filter, antibacterial,
and antiviral) have been developed for better epidemic prevention and
control [9]. These multifunctional DFMs are achieved by embedding one
or more multifunctional structures into traditional DFMs, for instance,
this functional improvement is applied to the synthesis of antimicrobial
drug-bonded meltblown filter [9,10].

However, the environmental impact of COVID-19 remains largely
underestimated due to the top priority given to air and space prevention
of the outbreak and close monitoring of economic and social impacts
[11]. According to the World Wide Fund for Nature (WWF), improper
disposal of DFMs even at 1% of all masks used can generate
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approximately 10 million DFMs per month being dispersed in the
environment [12]. These abandoned DFMs can become channels and
sources of pathogens and contaminants in the environment [5,13]. For
example, some additives in DFMs, e.g., synthetic phenolic, organo-
phosphate antioxidants, and heavy metals (Pb, Cd, and Sb), can be
released into the aquatic environment [14-16]. Recent studies have also
demonstrated that DFMs could release hundreds of microplastics/
nanofibers and up to 108 fibers into the environment [6,17,18], which
caused a series of negative effects on the ecosystem [7,19,20]. In this
regard, thermal treatment methods can effectively treat DFMs waste,
and DFMs are used as nitrogen-doped carbon sorbents by thermal
carbonization, which can effectively remove Cr(VI) [21,22]. Notably,
DFMs can adsorb and release some contaminants (e.g., dyes, antibiotics,
U-232, and Ra-226), which potentially enhances the widespread of those
contaminants [13,23,24]. However, limited information is known about
the interaction behaviors of DFMs with metals. Thus, further investi-
gation is required to fully understand the potential role of DFMs as
metals carriers, which will help to assess the environmental risks of
DFMs.

In this study, three typical divalent metal ions including lead ions (Pb
(I1)), cadmium ions (Cd(II)), and strontium ions (Sr(II)) are selected as
target pollutants. Pb and Cd are widespread heavy metals in the envi-
ronment and can be discharged into the aquatic environment through a
variety of channels, such as industrial effluents, agriculture wastes, and
the application of metal-based coatings in the fishery [25-27]. As for
another metal, 0gr (T 1,2 = 28.7 years) derived from nuclear power
plants, is a classic radioactive metal that can cause persistent chemical
and radiological damage to organisms in the environment [28,29].
Notably, Sr ions have high mobility, which makes them one of the
essential metal contaminants in the aqueous environment [30].

The aim of this study was to investigate the effects of DFMs prop-
erties (e.g., pristine, and UV-aged DFMs) and environmental factors (e.
g., solution pH and salinity) on the adsorption of Pb(II), Cd(II), and Sr(II)
ions onto DFMs. Further, the aging mechanism of DFMs with UV radi-
ation and the interaction mechanisms between DFMs and the metal ions
were elucidated based on the experimental phenomena, characteriza-
tion analysis as well as quantum chemical methods. Overall, our main
purpose was to reveal the potential role of DFMs as a carrier of metal
ions in the environment.

2. Materials and methods
2.1. Materials and chemicals

The DFMs used in this study were obtained from a Chinese e-com-
merce platform (JD. COM). Details of the DFMs include brand (WELL-
DAY), Size (175 x 95 mm), color (Blue/White), executive standard (YY/
T 0969-2013), materials (PP/PET), and weight (3.1228 ~ 3.2665 g).
Plastics used for characterization include commercial PP and PET (pu-
rity: greater than 99%, size: 200 meshes) were obtained from Zhong-
cheng Plastic Chemical Co., Ltd (Guangdong, China).

Lead nitrate (Pb(NOs3)y, 99.999%), cadmium nitrate (Cd
(NO3)2-4H20, 99.999%), and strontium nitrate (Sr(NO3)2, 99.97%)
were purchased from Shanghai Aladdin Bio-Chem Technology Co. Ltd,
China. All the other chemicals used (e.g., sodium chloride (NaCl), nitric
acid (HNOs), sodium hydroxide (NaOH)) were analytical grade or
higher purity.

2.2. DFMs aging experiment

For UV irradiation, the DFMs were carried out in an aging chamber
by six 8 W-UVA lamps (Philips, TLBWBL) with the characteristic
wavelengths at 350-400 nm as the light source according to the method
of Kyung et al. with minor modifications (Fig. S1) [31]. Specifically, the
DFMs were changed in the aging chamber every 24 h on their exposed
surface for a period of 14 days. The exposure temperature was
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maintained at 25 + 1°C by circulating cooling air inside the aging
chamber through a fan attached to the outside of the system.

2.3. Experimental procedures

Prior to the batch experiments, all glass bottles used were soaked in
5% HNOj; for 24 h to eliminate metal pollutants on the glass wall, then
cleaned with ultrapure water and dried in an oven at 60°C for 12 h. The
stock solutions of Pb(II), Cd(II), and Sr(II) (100 mg/L) were prepared in
1% HNOj3 by dissolving a known quantity of Pb(NO3)3, Cd(NO3),-4H50,
and Sr(NOgs),, respectively. The adsorption experiments were carried
out in 250 mL glass reagent bottle with a lid. A whole DFM and 200 mL
sample solutions containing different metal concentrations, 0.01 mol/L
NaNOs3 (to maintain stable ionic strength), and 0.02% NaNj (to inhibit
microbial activity) were put into the bottle [32,33]. Next, the bottles
were conducted at 25 °C and 150 rpm by an oscillator. All samples were
performed in triplicates and blank experiments (DFM free) were con-
ducted at the same time.

2.3.1. Adsorption kinetics and isotherms

To obtain the equilibrium time for metal ions adsorption, we first
conducted a pre-adsorption experiment with a period of 7 days. As seen
in Fig. S2, the Pb(Il), Cd(Il), and Sr(II) ions adsorption onto the DFMs
reached equilibrium almost within 2 days. Therefore, the equilibration
time for subsequent adsorption experiments was set to 48 h. Besides,
control of pH during adsorption was performed to avoid an increase of
solution pH to prevent metal precipitation (Fig. S3).

The kinetics experiments were designed as follows: the initial con-
centration of metal ions was 5 mg/L; solution pH was 6; and the solution
was collected at given time intervals (0.5, 1, 2, 4, 6, 12, 24, 36, 48, 60,
and 72 h). The isothermal experiments were performed include: the
initial concentrations of metal ions were 1, 3, 5, 10, 20, 30, 50 mg/L; and
solution pH was 6.

2.3.2. Effects of salinity and solution pH on the adsorption process

The concentration of NaCl was set (0%, 0.05%, 0.1%, 0.5%, 1%, 2%,
and 3.5%) based on the gradient of ionic strength in the fresh-to-
seawater systems [34]. Since Pb and Cd solutions will form hydroxide
precipitates (Pb(OH), and Cd(OH);) when the solution pH was greater
than 8, the solution pH was adjusted to 2, 3, 4, 5, 6, 7, and 8 according to
the speciation distributions of Pb, Cd, and Sr (Fig. S3). All other con-
ditions were the same as those used in kinetic experiments.

2.4. Analytical methods and characterization

The Pb(Il), Cd(II), and Sr(II) concentrations were detected by
inductively coupled plasma optical emission spectrometer (ICP-OES,
SPECTROBLUE FMX36, Germany).

Fourier transform infrared spectroscopy with attenuated total
reflection equipment (ATR-FTIR), X-ray photoelectron spectroscopy
(XPS), and scanning electron microscope equipped with energy disper-
sive X-ray analysis (SEM-EDX) were conducted to characterize DFMs
with and without metal ions adsorbed. The point of zero charge (pHzc)
of the DFM was determined according to the previous protocol [35].
Detailed information about instruments used and the method of pHyp.
determined was provided in Supplementary Information.

2.5. Mathematical models and data analysis

In this study, the pseudo first-order model (PFO), pseudo second-
order model (PSO), and Elovich models were fitted to adsorption ki-
netics data. Langmuir and Freundlich models were used to analyze
adsorption isotherms. The details of these models are shown in Table S1
of Supplementary Information. All data were analyzed by OriginPro
2020. Density Functional Theory (DFT) B3LYP/def2-TZVP functional
was used to optimize the molecular structure, minimize molecular
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Fig. 1. FTIR spectra of the outer layer (a), middle layer (b), inner layer (c), and ear ribbon (d) of pristine and aged DFMs as well as commercial PP and PET.
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Fig. 2. XPS spectra of full (a), Cls (b), Ols (c) of pristine and aged DFMs; Aging mechanism of DFMs under UV radiation (d).

energy, and calculate the charge distribution and surface electrostatic
potential by GaussView 5.0 and Gaussian 16.
The amounts of metal ions adsorbed onto DFMs were calculated

according to Eq. (1):.

V(Cy—C)
m

0 =

®

in which Q(pg/g) and Ci(ug/L) are the adsorption capacities and
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Fig. 3. Adsorption kinetics (a,b) and isotherms (c,d) of the metal ions onto pristine (left column) and aged DFMs (right column).

concentrations of adsorbates at time t, respectively; Co(ug/L) is the
initial concentration of metal ions; m (g) is the weight of DFMs, and V (L)
represents the volume of metal ions solution. When the sorption reaches
equilibrium, C. =C,, Q. =Q, where C.(ug/L) and Q.(ug/g) are the metal
ions concentration and adsorption capacities at equilibrium,
respectively.

3. Results and discussion
3.1. Aging alters the physical and chemical properties of DFMs

The photodegradation of polymer is mainly initiated by UV radia-
tion, and several reactive oxygen species (ROS) including superoxide
radical (037) and hydroxyl radical (eOH) are the primary driving force
of the aging processes [36,37]. Here SEM, ATR-FTIR, and XPS were
conducted to analyze the changes in the physical and chemical prop-
erties of the surface of DFMs during the aging process. It can be seen
from SEM that DFMs are composed of many columnar microfibers
crossing each other, which is equivalent to the film layer of microplastics
aggregate (Fig. S4). As DFMs are exposed to UV radiation, the surface of
aged DFMs becomes relatively rough, which may increase the potential
adsorption sites of aged DFMs as pollutant carriers. By comparing the
FTIR spectra of commercial plastics and DFMs, the outer, middle, and
inner layers of DFMs are identified as PP, while the ear ribbon of DFMs is
identified as PET (Fig. 1). The result was supported by Ma et al., who
quantified and characterized DFMs released microparticles [20]. Inter-
estingly, the new peaks that appeared at 1714 and 1717 cm ™! of the
outer layer and inner layer of aged DFMs are caused by the C = O
stretching vibration of the carboxyl group [38], which is attributed to
the surface oxidation of DFMs during the aging process. However, no
new chemical bonds are formed in the middle layer and ear ribbon of
aged DFMs, indicating that the outer layer and inner layer of DFMs are
oxidized first during the aging process. Further, the XPS full spectra

show that the atomic content of O1s of the out and inner layers of DFMs
increases from 5.37% and 5.78% to 13.11% and 13.34% with the aging
of DFMs, respectively (Fig. 2 a). Besides, the growth of O-C = O groups is
also observed on aged DFMs by high-resolution XPS spectra of Cls and
Ols regions (Fig. 2 b & c). These results are basically consistent with the
FTIR analysis. Generally, photoinitiators can be classified as bond a-
cleavage type (Norrish type I) or hydrogen abstraction type (Norrish
type II) [39]. The appearance of -COOH groups on the surface of aged
DFMs may be due to the UV-induced breakage of the C-H bond and
subsequent reaction with oxygen to form peroxy radicals (ROOQe),
further ROOe can absorb hydrogen atoms from the air, thereby forming
hydroperoxide groups (RCOOH) (Fig. 2 d) [40]. Therefore, this aging
process can be well explained by Norrish type II photoreaction. A similar
result was reported by Liu et al., who studied that UV radiation aggra-
vated the aging process of microplastics [41]. Tang et al. also found that
carboxyl functional groups newly appeared on the surface of naturally
aged nylon plastics compared to the pristine nylon plastics [42].

3.2. Interface behavior between metal ions and DFMs

3.2.1. Adsorption kinetics

The plots of fitting by PFO, PSO, and Elovich models for Pb(II), Cd
(II), and Sr(II) ions adsorption onto pristine and aged DFMs are pre-
sented in Fig. 3 (a & b), and the relevant fitting parameters are provided
in Table S2. In general, the PFO model assumes that the adsorption of
metal ions is one site binding mechanism [43], while the PSO and Elo-
vich models assume that the adsorption process is predominated by
chemical force [44]. The excellence of consensus between experimental
data the model-predicted values is represented by adjusted R? and chi
square (y%). As summarized in Table S2, the values of relatively high
adjusted R? with low 2 suggest that the adsorption processes of Pb(ID),
Cd(II), and Sr(II) ions onto pristine are best fitted to PFO model, while
aged DFMs conform to PSO and Elovich models. The results indicate that
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Table 1
Parameters of the isotherm models for the adsorption of the metal ions onto the pristine and aged DFMs.
DFMs Metals Parameters
Freundlich model Langmuir model
Kr ng Adj.R? 7 K. Qm Adj.R? 7
((ng-g )/ (ugLHY™ (L/pg) (1g/g)
Pristine Pb(ID) 0.165 1.57 0.990 28.9 2.90 x 10 265.63 0.994 17.1
cd(n 0.039 1.51 0.960 12.4 2.89 x 10° 79.75 0.989 3.45
Sr(ID) 0.016 1.42 0.966 4.71 2.30 x 10°° 58.54 0.990 1.36
Aged Pb(ID) 0.209 1.54 0.988 71.2 2.76 x 10 384.16 0.993 42.5
cdan 0.064 1.56 0.984 5.45 2.86 x 10 105.32 0.986 5.07
Sr(IN) 0.062 1.65 0.982 3.86 3.65 x 10°° 64.34 0.992 1.83
Table 2
Comparison of Qn, (pg/g) obtain from Langmuir model between the results of this work and others found in the literatures.
Metals Types of plastics pH size Temperature Qm References
(C) (ng/8)
Pb(ID) Pristine DFM 6.0 175 x 95 mm? 25 265.63 This work
Aged DFM 6.0 175 x 95 mm?® 25 384.16
Pristine PS NMP 0.1 pm 25+ 2 160.00 [40]
Aged PS NMP 0.1 pm 25+ 2 202.00
Pristine PVC 6.5 280 pm 25 2518 + 125 [49]
Beached PE NMmP NMP 20+1 0.72 [671
Pristine PE 6.5 ~ 4 mm 25 0.19 [68]
Beached PE 6.5 ~ 4 mm 25 2.74
Pristine PET 6.3 <5mm NMP 4930.00 [69]
Pristine PP 6.3 < 5 mm NMP 5550.00
Cd(ID) Pristine DFM 6.0 175 x 95 mm? 25 79.75 This work
Aged DFM 6.0 175 x 95 mm? 25 105.32
Pristine PS NMP 0.1 pm 25+ 2 105.00 [40]
Aged PS NMP 0.1 pm 25+ 2 175.00
Pristine PS 4.0 NMP 25 20.15 [70]
Pristine PP NMP 74 pm 25 36.10 [71]
Pristine PVC 6.5 280 pm 25 1748 + 505 [49]
Beached PE NMP NMP 20£1 0.01 [671
Pristine PE 6.5 ~ 4 mm 25 0.01 [68]
Beached PE 6.5 ~ 4 mm 25 0.25
Pristine PET 6.0 75 pm 24 +1 250 + 10 [27]
Pristine PVC 6.5 280 pm 25 1748 + 505 [49]
Sr(I1) Pristine DFM 6.0 175 x 95 mm? 25 58.54 This work
Aged DFM 6.0 175 x 95 mm*® 25 64.34
Pristine PP NMP 100-150 mm 25 68 +12.6 [72]
Pristine PET NMP 100-150 mm 25 360 + 79.2 [29]
Pristine PE NMP 100-150 mm 25 470 + 106
Pristine PVC NMP 100-150 mm 25 790 + 238

Note: 175 x 95 mm? (A whole DFM); NMP (Not Mentioned); Abbreviations: PP (Polypropylene); PET (Polypropylene Terephthalate); PS (Polystyrene); PVC (Polyvinyl

Chloride); PE (Polyethylene).

the metal ions adsorption onto pristine and aged DFMs is mainly
dependent on the physisorption and chemical interaction, respectively
[45]. We found that the new oxygen-containing functional group
(-COOH) appeared on the surface of aged DFMs in the above discussion,
which may be an important reason for this result. In addition, the
equilibrium adsorption capacities for pristine DFMs (Q.,1) and aged
DFMs (Qe,2) obtained from PFO and PSO models, which follows Pb(II)
(28.49 pg/g) > Cd(II) (9.44 pg/g) > Sr(II) (4.76 ug/g) and Pb(II) (43.27
pg/g) > Cd(ID) (18.23 pg/g) > Sr(I) (10.30 pg/g), respectively. Obvi-
ously, the adsorption capacity of aged DFMs is higher than those of
pristine DFMs. A similar observation has been reported by Mao et al.,
who studied that the adsorption capacity of PS microplastics for Pb(II)
and Cd(II) was closely attributed to their aging degree [40]. Different
adsorption capacities of DFMs for Pb(II), Cd(II), and Sr(II) ions may be
related to the intrinsic properties of different metal ions [46]. If elec-
trostatic interaction is the key adsorption mechanism between DFMs
and these divalent metal ions, the adsorption affinity will be positively
correlated with the electronegativity of metal ions. As expected, the
Pauling electronegativity order of the three metals is Pb (2.33) > Cd
(1.69) > Sr (0.95) [47,48], which indicates that electrostatic interaction
plays an important role in the metals adsorption onto pristine and aged
DFMs. This was supported by Pan et al., who found that the adsorption

capacities for biogas residue-based adsorbent were in order of Pb > Cu
> Fe > Cd > Zn, which was linear with the electronegativity of these
metal ions [48]. Zou et al. also reported that microplastics exhibited
relatively stronger adsorption capacity for Pb(I) than those for Cu(II)
and Cd(II) due to the strong electrostatic attraction [49]. Besides, Yang
et al. observed that the sequence of maximum adsorption amount was Pb
(II) > Ni(II) > Sr(II) onto graphene oxides [50]. Overall, the results from
adsorption kinetics imply that the aging process of DFMs will help to
promote more metal ions to appear on the surface of aged DFMs than
those of pristine DFMs, and electronegativity of the metal ions can be
used as an indicator parameter to the adsorption affinity between the
DFMs and the metal ions.

3.2.2. Adsorption isotherms

The adsorption isotherms of Pb(II), Cd(II), and Sr(II) ions onto pris-
tine and aged DFMs are shown in Fig. 3 (¢ & d). Freundlich and Lang-
muir models are used to analyze the adsorption process for pristine and
aged DFMs, and the fitting parameters are listed in Table 1. Comparing
the adjusted R? and y? values of Freundlich and Langmuir models, the
metal ions adsorption processes onto both the pristine and aged DFMs
are well described by Langmuir model. This result indicates that the
metal ions adsorbed onto both the pristine and aged DFMs may be
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0.03
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Fig. 6. The surface electrostatic potential of the optimized geometry of PET (n = 3) (a) and the most stable structure of PP (n = 3) with -COOH group (b) obtained at
the B3LYP/def2-TZVP level; The optimized complexes between the most stable structure of PP (n = 3) with -COOH group and different cations including pPb** (o),

Ccd?* (d), and Sr?* (e).

monolayer adsorption and homogeneous surfaces [51]. For Langmuir
model, the Qp of pristine and aged DFMs follows the order: Pb(II)
(265.63 pg/g) > CA(I) (79.75 pg/g) > Sr(I) (58.54 pg/g) and Pb(II)
(384.16 pg/g) > Cd(I) (105.32 pg/g) > Sr(1l) (64.34 pg/g), respectively.
As the same kinetic analysis above, the pristine and aged DFMs present a
higher adsorption affinity for Pb(II), followed by Cd(II) and Sr(ID).
Meanwhile, these metal ions prefer to adsorb onto the aged DFMs sur-
face compared to the pristine DFMs. In our previous studies, we found
that even if DFMs are not disrupted, DFMs have similar or even higher
adsorption affinity for antibiotics compared with other existing micro-
plastics [23]. Therefore, here we summarize Qp, values of metal ions
adsorbed onto microplastics reported from the previous paper (Table 2).
Notably, the adsorption capacities of DFMs for the metal ions are higher
than those of several microplastics, which emphasizes the non-
negligible role of DFMs as the metal ions carriers in the environment.
Thus, further attention should be paid to the risks associated with the
extensive use of DFMs in water environments, and relevant environ-
mental management norms should be urgently and properly formulated.

3.3. Effects of environmental factors

3.3.1. Salinity

The effects of NaCl as a background salinity on Pb(II), Cd(II), and Sr
(II) adsorption by the pristine and aged DFMs are illustrated in Fig. 4 (a
& b). It is found that Pb(II), Cd(II), and Sr(II) adsorption onto both the
pristine and aged DFMs decreases for increasing NaCl concentration.
That the extent of metal ions adsorption is sensitive to changes in the
content of salinity, indicating that the adsorption capacities of DFMs for
metal ions in low-salinity environments (e.g., rivers and lakes) is
stronger than those in high-salinity environments (e.g., oceans). Similar
results have been reported in studies of microplastics and metal ions. For
example, Holmes et al. studied the adsorption of Cd, Co, Cr, Cu, Ni, and
Pb onto virgin and beached microplastics under the different salinity
environments, and concluded that the increase of salinity inhibited the
adsorption behavior of microplastics to these metal ions [52]. Zou et al.
also highlighted that the adsorption of Cd, Cu, and Pb by microplastics
could be affected by salinity [49]. For this phenomenon, several reasons

mainly including i) Na* favors competition with Pb(II), Cd(II), and Sr(II)
for adsorption sites by its smaller hydrated ionic radius (Fig. 4 ¢) [53]; ii)
the electrical double layer of the DFMs surface is compressed by the
addition of Na™ (Fig. 4 d) [54]. Herein, the main inhibition effect of Na™
can be described by the total free energy change of adsorption (AGggs,),
which is related to the electrostatic free energy change (AGge) as fol-
lows (2) [55]:.

AGue = ZFY, (2

in which Z, F, ¥, are the ionic charge, the Faraday constant (96487C),
and the potential in the plane of the metal ions, respectively. The elec-
trostatic potential decreased (‘Pd—ﬂl‘;i) with the increase of Nat, which
results in the coulombic energy decreased [55]. Therefore, NaCl content
significantly inhibits the adsorption capacities of DFMs for metal ions.
Furthermore, these results also indicate that the adsorption processes
may be predominated by electrostatic interaction and/or surface
complexation [44,54]. A similar result was reported by Qi et al., who
reported that the NaCl reduced Pb(II) adsorption amount onto micro-
plastics was contributed to electrostatic attraction and chemical
adsorption [25]. Tang et al. also observed that NaCl could weaken the
electrostatic attraction between nylon microplastics and metal ions (Cu,
Zn, and Ni), whereas the surface complexation between Na' and
carboxyl groups of microplastics was also an important factor [42].

3.3.2. Solution pH

Generally, most natural water has a pH range of 5 to 9 [42]. How-
ever, Pb and Cd solutions will form hydroxide precipitates (Pb(OH), and
Cd(OH)3) when the solution pH is greater than 8 (Fig. S3), thus the so-
lution pH is only set within the range of 8. It is observed that the
adsorption of Pb(II), Cd(II), and Sr(II) ions onto both the pristine and
aged DFMs is significantly pH-dependent, with greater adsorption ca-
pacities for pristine and aged DFMs at higher pH values (Fig. 5 a & b).
The pH,p. of pristine and aged DFMs is determined to be 4.91 and 4.33,
respectively (Fig. 5 c). At solution pH > pHgp, negative charge sites are
mainly distributed on the surface of DFMs, which is beneficial to the
metal ions adsorption. Interestingly, the metal ions adsorption
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Fig. 7. SEM-EDX mapping images of DFMs after Pb(II), Cd(II), and Sr(II) adsorption.

capacities onto pristine DFMs are negligible at pH 2, 3, and 4. This
phenomenon indicates that the adsorption process for pristine DFMs is
predominated by electrostatic interaction. However, the metal ions can
still be adsorbed onto aged DFMs at lower pH values, which implies that
the adsorption process for aged DFMs is not only controlled by elec-
trostatic interaction, but chemisorption may also be present in the
process. This was supported by Zou et al., who that the Pb(II), Cd(II), and
Cu(Il) adsorption onto PE and PVC microplastics were predominated by
electrostatic interaction and surface complexation [49]. Fu et al. also
reported that electrostatic interaction and surface complexation were
main interaction mechanisms between aged PE microplastics and Pb(II)
[56].

3.4. Adsorption mechanisms

We propose that the adsorption processes of the three metal ions onto
pristine and aged DFMs mainly involve electrostatic interaction and
surface complexation according to the above phenomena. To further
demonstrate the interaction mechanisms between DFMs and the metal
ions, some characterization including FTIR, SEM-mapping, XPS as well
as quantum chemistry methods were performed.

It can be seen from the FTIR spectra that no new peaks appeared or

disappeared in pristine DFMs after the metal ions adsorption (Fig. S5),
which indicates that the adsorption process of pristine DFMs is pre-
dominated by physical force [57]. However, the absorption peak of C =
O in the outer and inner layers of aged DFMs disappeared (Fig. S5),
suggesting that Pb(II), Cd(II), and Sr(II) ions bind aged DFMs likely
through -COO™ groups [55].

Furthermore, XPS spectra were conducted to synergistically confirm
the results of FTIR analysis. The additional Pb4f, Cd3d, and Sr3d peaks
are observed in XPS full spectra after the metal ions adsorption, which
confirms that Pb(II), Cd(II), and Sr(II) ions are indeed adsorbed onto
aged DFMs (Fig. S6 a). The O1s high-resolution spectra of aged DFMs
(outer layer) after Pb(II), Cd(II), and Sr(II) ions adsorption are displayed
in Fig. S6 (b). It can be observed that the Pb-O (531.3 eV) and Cd-O
(531.7 eV) appeared in the Ols high-resolution spectra, which in-
dicates that Pb and Cd are adsorbed to the surface of aged DFMs by O-
containing groups. Similar results were also reported by Dong et al., who
found that As-O (530.6 eV) peak newly appeared in interaction process
between As(III) and polytetrafluoroethylene microplastics [58]. How-
ever, no new Sr-O peak appears in aged DFMs after Sr(II) adsorption,
which may be related to less adsorption amount [42]. After the metals
adsorption, the binding energy of O-C = O increased from 533.9 eV to
534.1, 534.1, and 534.1 eV, respectively, and the related relationship
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Fig. 8. Annual DFMs usage and annual plastics waste from mismanaged DFMs input into oceans in 46 countries (The data were obtained from Chowdhury et al. and

listed in Table S4 [4]; the white parts of the map were the uncounted areas).
between the average oxygen charge (Q) and binding energy (BE) was
reported as equation (3) [59]:.

(385.023 — 8.976 x (545.509 — O1sBE) )'/*
4.488

Q= —4372+ 3

Herein the increase of Q implies that the electron density of the ox-
ygen atom in —~COOH decreased and the dissociation degree of proton
increased [42]. This suggests that electrostatic attraction is involved in
the adsorption of metals onto aged DFMs. In addition, the -COOH group
binds metals as electron donors, which likely suggests that surface
complexation plays a crucial role in the adsorption process [60]. Thus,
the possible reaction for the divalent metal ions (represented by M2")
adsorption onto aged DFMs surface functional groups can be described
as follows [44,61]:.

a=DFMs — O0OH + bM*"

_ _ (2b—a—c) + “)
+ cH,0 & (= DFMs— 00) M,(OH) + (@ + ¢)H

where = DFMs — OOH is the surface group in the DFMs phase;

( = DFMs — 00) aMb(OH)Ezbf‘H) represent surface complexes; a, b, and ¢
are stoichiometric coefficients.

Based on the surface groups identified by FTIR and XPS analysis, the
structures of PET (n = 3) and PP (n = 3) were fully optimized at B3LYP
/def2-TZVP level of theory by Gaussian 16. The vibrational frequencies
of the optimized structure were carried out at the same level. The
structure was characterized as a local energy minimum on the potential
energy surface by verifying that all the vibrational frequencies were real.
To predict the most possible location of the COOH group in aged DFMs,
three different structures were considered and optimized, and their
energies were also calculated to compare their relative stability. It is
found that the structure (denoted by M) with the COOH group
substituted with the H on the CH3 group is the energy minimum
(Table S3). The Visual Molecular Dynamics (VMD) program was used to
plot the color-filled was surfaces graphs to visualize the molecular
electrostatic potential of PET (n = 3) and M (Fig. 6 a & b). As shown in
Fig. 6 (a & b), a few surfaces of PET and M present a negative electro-
static potential, which is related to the oxygen atoms on the surface. This
result indicates that the O atom can be the binding site with these metal
ions by electrostatic attraction [62]. Besides, SEM-mapping images
show that Pb(II), Cd(II), and Sr(II) ions are mainly distributed with O
atom, which further confirms this result (Fig. 7). As mentioned above,
surface complexation likely exists between aged DFMs and these metal

ions, here the complexes formed between M and these metal cations
including Pb?*, Cd%*, and Sr?>* are optimized and their interaction en-
ergies are also calculated at the B3LYP /def2-TZVP level for comparison
(Fig. 6 (c, d, & e). The result indicates that the interaction energy of M
with Cd%** is strongest (-142.62 kcal/mol) among the three metal cat-
ions, followed by Pb%** (-104.87 kcal/mol) and Sr** (-79.33 kcal/mol).
However, the adsorption affinity of the three metal cations onto aged
DFMs followed the order of Pb(II) > Cd(II) > Sr(II), which is inconsistent
with interaction energy between M and the three metal cations. This
suggests that surface complexation is not the only interaction mecha-
nism between aged DFM and the three metal ions. Similar results were
also reported by Fu et al. and Zou et al. [49,56].

In summary, oxygen-containing functional groups in pristine and
aged DFMs provide binding sites for Pb%*, Cd?*, and Sr*" adsorption.
The pristine DFMs interact with the three metal ions mainly through
electrostatic interaction, while electrostatic interaction and surface
complexation jointly regulate the adsorption of three metal ions onto
aged DFMs.

3.5. Environmental implication

The demand for DFMs increased sharply in response to the COVID-19
pandemic. It is assessed that about 289.63 billion DFMs are used per
year in Asian countries, while European countries consume 61.02 billion
DFMs (Fig. 8). While local and international authorities have developed
many policies for the safe disposal of COVID-19 waste, it is challenging
for authorities to implement these policies on a large scale. Some
countries, such as China, established administrative orders early in the
pandemic to ensure the proper recovery of DFMs. However, in many
countries, especially in developing and underdeveloped countries (e.g.,
Indonesia, Philippines, and India), the disposal and regulation of DFMs
still are very lacking [4]. It is predicted that more than 2.37 million tons
of improperly disposed of DFMs enter the oceans each year (Fig. 8). As
expected, the amount of DFMs on rivers and beaches seems to be
significantly higher than anywhere else, acting as highways and sinks,
respectively [63]. For example, discarded DFMs have been found to be
increasingly common on many South American coasts [8]. In Kenya,
there are 10 times more DFMs on the beach than on the street [64]. In
Jakarta Bay, about 492 DFMs are collected daily from the Cilincing and
Marunda Rivers [65]. These DFMs, after reaching the aquatic environ-
ment, can adsorb or release some pollutants, posing a potential threat to
the biota and ecological functions of habitats in aquatic ecosystems [63].
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Herein, our findings reveal that DFMs can act as a carrier of metal
ions in the environment. These metals may further affect the ecological
safety of the aquatic environment with the release of microplastics or
nanofibers from DFMs [17], which possibly poses a great threat not only
to the local biota but also to humans’ health via the food chain [5]. This
study focuses on the interface behaviors and mechanisms between DFMs
and metals, we also found some additional environmental effects
generated by DFMs (unpublished data). Therefore, we further reveal the
neglected environmental impact of DFMs and advocate for strength-
ening the responsible regulation of DFMs. It is worth noting that other
types of masks, such as cloth masks (which are very popular in some
countries) consisting of polyester or cotton, etc., may have different
environmental impacts than traditional DFMs [66]. In addition, further
studies also should be conducted to transfer contaminants and micro-
plastics from biofilm-developed DFMs to environments and organisms to
further assess the potential risks of DFMs.

4. Conclusions

In this study, a clear understanding of the aging properties of DFMs
under the UV radiation as well as the interaction mechanisms between
DFMs and metals were investigated. We found that the aging of DFMs,
salinity, solution pH had great effects on Pb(II), Cd(II), and Sr(II) ions
adsorption. In general, the aging process would help to promote more
metal ions adsorbed onto aged DFMs, which was mainly attributed to
the presence of -COOH groups on the surface of aged DFMs. Regarding
environmental factors including salinity and pH played a crucial role in
the adsorption processes, with greater adsorption capacities for pristine
and aged DFMs at higher pH values and low salinity. In addition, the
adsorption affinity of pristine and aged DFMs for the metal ions followed
Pb(II) > Cd(II) > Sr(II), which was positively corrected with the elec-
tronegativity of the metal ions. Interestingly, we found that even if DFMs
were not disrupted, DFMs had similar or even higher adsorption affinity
for metals compared with other existing microplastics. Overall, the
pristine DFMs interacted with the three metal ions mainly through
electrostatic interaction, while electrostatic interaction and surface
complexation jointly regulated the adsorption of three metal ions onto
aged DFMs. These results revealed the underlying roles of the largely
discarded DFMs in the environment and highlighted that aging could
enhance the role of DFMs in metals migration and fate.
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