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• Amounts, types and localization of silver-
based biocides in face masks are mea-
sured.

• Threshold-based approach identifies in-
trinsically safe silver-containing face
masks.

• Other silver-based biocide treated masks
require a more extensive safety assess-
ment.

• Health-based research on applications of
nanotechnology in face masks is needed.
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Silver-based biocides are applied in face masks because of their antimicrobial properties. The added value of biocidal
silver treatment of face masks to control SARS-CoV-2 infection needs to be balanced against possible toxicity due to
inhalation exposure. Direct measurement of silver (particle) release to estimate exposure is problematic. Therefore,
this study optimized methodologies to characterize silver-based biocides directly in the face masks, by measuring
their total silver content using ICP-MS and ICP-OES based methods, and by visualizing the type(s) and localization
of silver-based biocides using electron microscopy based methods. Thirteen of 20 selected masks intended for general
use contained detectable amounts of silver ranging from 3 μg to 235mg. Four of these masks contained silver nanopar-
ticles, of which one mask was silver coated. Comparison of the silver content with limit values derived from existing
inhalation exposure limits for both silver ions and silver nanoparticles allowed to differentiate safe face masks from
face masks that require a more extensive safety assessment. These findings urge for in depth characterization of the
applications of silver-based biocides and for the implementation of regulatory standards, quality control and product
development based on the safe-by-design principle for nanotechnology applications in face masks in general.
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1. Introduction

Silver (Ag) is known for its bactericidal and antiviral properties. Mech-
anisms of action of the antimicrobial activity of silver include interaction
with bacterial cell membranes, the gradual release of silver ions that inter-
act with proteins and inhibit essential cell functions, the interaction with
DNA and the generation of reactive oxygen species (Durán et al., 2016).
The antimicrobial activity of silver is proposed and applied as an instrument
tofight the COVID-19 pandemic. Ag0 nanoparticles (NPs) have for example
been demonstrated to be active against SARS-CoV-2 (Almanza-Reyes et al.,
2021; Morozova et al., 2022).

Treatment of textiles with silver-based biocides gives these textiles a
broad spectrum of antibacterial and antiviral properties (Memon et al.,
2018; Radetić, 2013; Zhang et al., 2009), leading to application of silver-
based biocides in various types of medical textiles, including face masks
intended for medical use. In addition, silver-based biocides are applied in
face masks intended for use by the general public. Ag0 NP treated textiles
were reported to have antiviral capabilities against SARS-CoV-2 (Ahmed
et al., 2021).

Exposure to silver-based biocides, as Ag+ ions, Ag0 particles and specif-
ically NPs, can induce a health risk, depending on the type of silver-based
biocide, its amount, its stability during use and cleaning and the type and
duration of exposure of the users (Ferdous and Nemmar, 2020;
Theodorou et al., 2014; Weldon et al., 2016). Depending on the extent of
exposure, a pro-inflammatory response can occur especially during inten-
sive use and co-occurrence of an infectious inflammatory reaction, for
example COVID-19 (Seiffert et al., 2016). In vitro studies have demonstrated
size-, dose- and coating-dependent cellular uptake of Ag NPs and in vivo
studies demonstrated induction of a pro-inflammatory response in the
lungs upon inhalation of Ag NPs as well as their translocation into the
bloodstream with effects in different organs (Ferdous and Nemmar,
2020). However, in-depth investigations are limited and gaps still remain
in the risk assessment of Ag in the form of NPs both for humans and the
environment. Therefore, albeit that the usefulness of face masks in the
management of SARS-CoV-2 infections is not questioned (Adenaiye
et al., 2021), the added value of biocidal silver treatment of face masks
to control SARS-CoV-2 infections remains, to our knowledge, to be fur-
ther substantiated.

In the European Union the application of silver-based biocides is strictly
regulated. Application of silver for the purpose of protecting the integrity of
textiles, including face masks intended for general use, falls within the
scope of a treated article. The treated masks can therefore be placed on
themarketwithout authorization provided that theymeet the requirements
of Article 58 of Regulation (EU) No 528/20125 (“Regulation No 528/2012
of the European Parliament and of the Council of 22 May 2012 Concerning
the Making Available on the Market and Use of Biocidal Products,” 2012).
The use of silver as a disinfectant with the intention of protecting the user
against a viral or bacterial infection falls under the definition of a biocidal
product and is subject to prior authorization without making it available
on the market in accordance with the conditions for granting an authoriza-
tion as set out in Article 19 of Regulation (EU) No 528/20125. Silver in its
nanoparticle form, following a decision by the European Commission, can
no longer be used as a biocidal substance (“Commission implementing
decision(EU) 2021/1283 of 2 August 2021 on the non-approval of certain
active substances in biocidal products pursuant to Regulation (EU) No
528/2012 of the European Parliament and of the Council,” 2021). Never-
theless, the antiviral activity of silver NPs in face masks is advertised as a
positive sales argument.

Particularly the question whether the application of silver-based bio-
cides in face masks leads to inhalation exposure is relevant. Publications
on the release of silver (nanoparticles) from textiles mainly focus on the de-
velopment of resistance by bacteria and release of biocidal silver is exam-
ined mostly from an ecological point of view, for example considering
leaching during washing of the textiles as a source of silver in waste
water (Kim et al., 2017; Lorenz et al., 2012; Mitrano et al., 2014; Reed
et al., 2016). The study of Pollard et al. examining metal leaching from
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antimicrobial cloth face masks intended to slow the spread of COVID-19
showed that leaching of silver and copper varied widely across brand,
metal, and leaching solution, but in some cases was as high as 100 % of
the metals contained in the as-received mask after 1 h of exposure. The au-
thors concluded that “metal-impregnated so-called ‘antimicrobial masks’
are more likely to contaminate wastewater streams with excess silver and
copper and/or increase human exposure to these metals than they are to
possess any long term beneficial antimicrobial properties”(Pollard et al.,
2021).

Direct measurement of silver (particle) release to estimate exposure in a
setup mimicking respiration is technically very challenging. No literature
data demonstrating silver (nanoparticle) release while wearing silver
treated face masks are available, but the absence of release, for example
tested as a quality parameter, has not been demonstrated either. The extent
of the release of silver in the form of ions and/or nanoparticles from face
masks resulting in exposure by inhalation, required for threshold based
risk analysis, remains a knowledge gap.

This study aims to evaluate the quality of face masks intended for gen-
eral use and containing silver based biocides from a safe-by-design perspec-
tive. Hereto, it optimizes methodologies that allow characterizing silver-
based biocides applied in face masks by measuring their silver content
and determining the type(s) and in situ localization of silver-based biocides.
This information will be applied in an approach which compares the silver
content in themaskwith limit values derived from existing occupational in-
halation exposure limits for the relevant silver biocides making a minimum
of assumptions. In this way, face masks containing silver-based biocides
that can be considered intrinsically safe are identified and differentiated
from face masks that require a more extensive safety assessment.

2. Materials and methods

Face masks intended for the general public were sampled aiming to in-
clude face masks containing different biocides available on the market
(Table S1). This selection contains reusable face masks distributed by the
Belgian federal government and by Belgian regional governmental in-
stances, reusable face masks from commercial suppliers, and, for compari-
son, single use face masks from commercial suppliers. These same masks
were evaluated earlier regarding the presence of titanium dioxide (TiO2)
particles (Verleysen et al., 2022).

In Fig. S1, a general overview of the methodology applied to evaluate
silver based biocides in face masks is provided. The silver-based biocides
applied in the selected face masks were analyzed by transmission electron
microscopy (TEM) using the approach described in detail by Wouters
et al. (Wouters et al., 2022). Briefly, ultra-thin sections of individual layers
of face masks were prepared by embedding them in an epoxy resin,
followed by sectioning using ultramicrotomy. These sectionswere analyzed
by high angle annular dark field (HAADF) – scanning transmission electron
microscopy (STEM) combined with energy dispersive X-ray spectroscopy
(EDX). (Nano)particles localized in the sections of the facemasks were visu-
alized, and their elemental composition was determined. The size of parti-
cles identified to be silver by EDXwas manually measured. Themass of Ag0

NP at the fiber surface (AgMask-15) was estimated from the total mass of
silver and the fraction of the particles at the surface of the fibers using the
method described in (Verleysen et al., 2022; Wouters et al., 2022) to esti-
mate themass of TiO2 particles at thefiber surface. This estimation assumes
that the fibers are round and that the silver particles are homogeneously
distributed in the matrix of the fibers.

In order to acquire a lowmagnification view of the fibers, samples were
prepared for scanning electronmicroscopy (SEM). Using stainless steel scis-
sors, a piece of approximately 1 by 1 cmwas cut out from the middle of the
face mask. The individual layers were separated. Each piece was stuck to a
25.4 mm aluminum pin stub (MicrotoNano) using a carbon double sided
sticker (MicrotoNano). For additional adhesion and charge reduction, cop-
per tape (MicrotoNano) was placed over the edges of the mouthmask piece
leaving an area of approximately 8 by 8 mm for imaging. SEM images and
corresponding EDX analyses were made with the Phenom Pharos G2 field



Table 1
Limit values for silver in face masks.

Silver form Limit value

Generic (metal dust, fume, and soluble compounds) 25.0 μg
Nanoparticles 2.25 μg

Table 2
Summary of the silver content per layer and per face mask, presence of Ag particles
per layer, types of the silver biocide (based on STEM-EDX analysis), and comparison
of the silver limit values with the silver content per mask.

Reference Ag/mask
(μg)

Particle
locationb

Type of Ag biocide Ratio limit value/Ag
contentc

Generic
silver

Nanosilverd

AgMask-01 <0.7 a

AgMask-02 20 Ag+ ions 1.3
AgMask-03 37 E, C, I Ag+ ions, Ag0 NP,

large Ag0 particles
0.7f 0.1

AgMask-04 <0.2a

AgMask-05 <0.6a

AgMask-07 <2.8a

AgMask-08 235,044 E, I Ag0 Coating, Ag0 NP,
Ag+ ions

0.0001 0.00001

AgMask-10 <0.6a

AgMask-11 <0.6a

AgMask-12 7.3 Ag+ ions 3.4
AgMask-13 13 Ag+ ions 1.9
AgMask-14 87 Ag+ ions 0.3
AgMask-15 165/1.45e E, I Ag0 NP 0.2/ 17.2 0.01/ 1.6
AgMask-16 9.1 C1, C3 CuO particles, Ag0 NP 2.7 0.2
AgMask-17 2.8 Ag+ ions 8.9
AgMask-18 176 Ag+ ions 0.1
AgMask-20 6.5 Ag+ ions 3.8
AgMask-22 14 Ag+ ions 1.8
AgMask-23 <1.5a

AgMask-24 3.2 Ag+ ions 7.8

a The indicated limits of detection were calculated for a limit of quantification of
0.25 mg/kg and considering the weight of each face mask.

b Ag particles are present in the external (E), central (C) or internal (I) layers as
assessed by STEM-EDX analysis. C1: first central layer. C3: third central layer.

c Based on the limit values derived from theNIOSHOELs for silver and nanosilver.
d Comparisons with the limit values for Ag0 NP are presented only when Ag0 NP

are detected in the face mask.
e The value before the slash refers to the total silver present in the face mask, the

value behind the slash refers to the releasable silver on the polymer fiber's surface
only; see section 3.1.

f Bold numbers highlight that the silver content in the face mask exceeds the
corresponding limit value.
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emission gun SEM. Due to the non-conductive nature of facemasks, all SEM
images weremade at a pressure of 60 Pa to avoid potential charging effects.
Either 10 kV or 15 kV and the lowest spot size were used to acquire the im-
ages. Images were acquired with the backscatter electron detector, at mag-
nifications of 1000, 5000 - and 10,000 times.

To analyze the total Ag content of the face masks, two different micro-
wave digestion methods were used, depending on the material, as de-
scribed by Verleysen et al. (Verleysen et al., 2022). The digestion
methods, based on high temperature (220–260 °C) microwave heating
and strong acidic (H2SO4 and HNO3) media are described in detail for non-
woven textiles in face masks (Mercier et al., 2022). The protocols allow the
digestion of all types of fabrics of the selected face masks (polyethylene
terephthalate (PET)-, polytetrafluoroethylene (PTFE)-, cotton, polypropyl-
ene, polyamide- and elastane-containing textiles) resulting in a complete re-
lease of metallic contents in order to analyze their elemental contents by
ICP techniques. After dilution of the digests, the total Ag concentration
was determined by inductively coupled plasma optical emission spectros-
copy (ICP-OES) for high Ag (>10mg/kg) concentrations and by inductively
coupled plasma mass spectrometry (ICP-MS) for lower concentrations.
Quantification of Ag by ICP-OES was performed at a wavelength of
328.068 nm (Varian 720, Agilent technologies) or by ICP-MS (Varian
820) for a m/z of 107, using matrix matched calibrations. All samples
were prepared and analyzed in duplicate.

The assessment of potential risks associated with the inhalation
exposure of silver-based biocides released from face masks during normal
use, is constrained due to the lack of available data on such exposure or
on silver release. Therefore, an approach comparing the measured Ag con-
tent of the face mask with 2 limit values, defined by the nature of the de-
tected silver-based biocide, was applied to evaluate the safety of the face
masks with a minimum of assumptions. Two forms of silver-based biocide
were considered, namely a generic one, where silver occurs as metal dust,
fume, and soluble compounds, and a specific one, where silver occurs as
nanoparticles. The National Institute for Occupational Safety and Health
(NIOSH) has defined an occupational exposure limit (OEL) for both
forms, i.e. 10 μg/m3 and 0.9 μg/m3 respectively (Current intelligence
bulletin 70, 2021). Based on these OELs, limit values were obtained using
the following equation:

limit value ¼ OEL
Additional Safety factor

x Vairx Duration
� �

The limit value is an estimate for the maximum amount of silver (μg)
that can be released during amask's use (duration in hours, assuming a con-
stant release rate over the usage period) and inhaled (Vair= inhaled air vol-
ume, in m3/h) without generating safety concerns. An additional safety
factor of 2 was included because the investigated face masks were intended
to beworn by the general public. The general public population ismore var-
iable than the professionally active population for which the OELs were
originally intended. According to European Chemicals Agency (ECHA)
guidance (ECHA, 2017), the assessment factors accounting for intra-
species differences in the professional and the general populations differ
with a factor of 2. The Vair value was set to 1.25 m3/h as recommended
by the BPC Ad Hoc Working Group on Human Exposure for scenarios
during which exposed people are considered to remain active as is the
case for peoplewearing facemasks (ECHA, 2017). The BelgianGovernment
officially recommended to use a newmask every 8 h. When a mask is dirty
or humid, it needs to be replaced. For people who have to talk a lot, e.g.
school teachers, it is recommended to use a clean mask every 4 h
(Belgian Federal Public Service Public Health, Safety of the Food
Chain and Environment, 2022). Therefore we considered a worst case
usage of 2 masks a day, each during 4 h, ignoring re-use considerations.
Table 1 shows the 2 limit values for silver in face masks obtained using
the above-mentioned considerations. Masks for which the ratio “limit
value/silver content” is larger than 1 have no safety concerns, while
masks for which this ratio is smaller than 1 require a more extensive
safety assessment.
3

3. Results

3.1. Amounts and types of silver-based biocides

Using mass spectroscopy and electron microscopy, varying amounts
and different types of silver-based biocides were demonstrated in the selec-
tion of facemasks (Table 2). Significant amounts of silver, indicating the ap-
plication of a silver-based biocide, were demonstrated in 13 face masks
(Table 2). In nine of these, silver, but no Ag0 particles, was demonstrated,
indicating that the silver biocide is largely present as Ag+ ions. Four face
masks (AgMask-03, AgMask-08, AgMask-15 and AgMask-16) were shown
to (also) contain a Ag0 coating and/or Ag0 NP.

In face mask AgMask-03, the so-called Silvadur™ technology aims at a
slow release of silver ions (Carmona-Ribeiro and de Melo Carrasco,
2013). This silver-based biocide consists of polycationic polymers that
bind silver anions. In situ EM analysis showed that at least a fraction of
the total amount of silver (total Ag = 37 μg per mask) is present as Ag
(nano)particles (Fig. 1). Near-spherical Ag NPs with sizes ranging from 13
to 27 nm and larger near-spherical silver nanoparticles with sizes ranging
from 55 to 115 nm (Fig. 1) were observed at the surface or close to the



Fig. 1. Representative STEM-EDX analysis of nanoparticles at the surface of cotton fibers in AgMask-03. (a) shows HAADF-STEM image of a section of cotton fibers showing
particles indicated by pink arrows, (b-d) shows the STEM-EDX results of the particle indicated by the yellow box in (a). (b) is a higher magnification STEM image of the
particle. (c) shows the corresponding spectral images of Ag obtained by EDX and (d) the EDX spectra of the area indicated by the yellow box in (b). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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cotton fibers. In addition, larger irregularly shaped silver particles ranging
from 500 nm to 1 μm were detected outside of the textile fibers, close to
the surface of polyester and cotton fibers (Fig. S2).

In face mask AgMask-08, the total amount of silver is very high
(>110mg/outer layer). This is explained by the coating of the woven fibers
of the external and internal layer with metallic silver (Fig. 2 and Fig. S3),
with an approximate average thickness of 650 nm. Parts of this coating,
ranging from 500 nm to 3.5 μm in size, were observed outside of the fibers,
probably because they detached (Fig. 2E and Fig. S3). A high amount of
Ag0 NP was observed on the coating (Fig. S3). The representative SEM im-
ages of AgMask-08 (Fig. S3), combinedwith EDX, confirm that the fibers of
the external layers of this mask are nearly completely coated with a silver
coating. This coating was damaged or incomplete in many areas: Fig. S3A
and Fig. S3B show that the Ag0 coating is released from the fiber surface
at the pressure points of the woven fabric. Where the coating is detached,
many Ag0 NP are observed. Their size ranges from approximately 16 nm,
the minimal size that readily can be detected with this SEM configuration,
to 100 nm. The coating appears to bemade up of Ag0 NP: zooming in on the
coating revealed that the coating consists of numerous finely packed or
compressed nanoparticles (Fig. S3C and Fig. S3D). In addition, Ag nanopar-
ticles were observed inside the fibers. These silver nanoparticles have me-
dium sphericity (near-spherical) and their size ranged from 10 to 20 nm.
It can be assumed that these metallic (Ag0) particles are formed de novo
4

by reduction of Ag+ ions, migrating into the fiber from the external silver
coating. AgMask-08 contains four central layers similar to those observed
in the control masks such as AgMask-01. These layers are expected not to
contain silver particles. The relatively high amount of silver detected in
these central layers (208 μg) is assumed to originate from contamination
from the surrounding layers with very high silver content. STEM-EDX anal-
yses detected only two particles in the four inner layers of AgMask-08.

In face mask AgMask-15, silver is present in both the external (83 μg)
and the internal (82 μg) layer. STEM-EDX analyses (Fig. 3 and Fig. S3)
allowed to differentiate the silver nanoparticles, which are mostly isolated,
from the often agglomerated TiO2 particles, which are also present in the
fibers (Mast et al., 2021). The applied Ag-based biocide consists of metallic
Ag NP distributed in the polyamide matrix of the fibers (Fig. 3 and Fig. S4).
These Ag NP are near-spherical (medium sphericity) and their size ranges
from 11 nm to 58 nm, which is in agreement with Egger et al. (Egger
et al., 2009), and with the Environmental Protection Agecy (EPA) authori-
zation for the applied biocide (EPA, 2011). The latter document distin-
guishes small silver particles that are sintered on amorphous silicon
dioxide forming a silver-silica composite and silver particles that are “bro-
ken away from the composite”. High resolution STEM-EDX analyses (data
not shown) indicated that the observed Ag0 NP are present in the fibers of
the AgMask-15 face mask as particles separated from the silica composite.
There were no indications that a silver-silica composite containing



Fig. 2.Representative STEM-EDX analyses of particles in the woven fabric of AgMask-08. (a), (e) and (i) showHAADF-STEM images of sections of fibers. (b), (f) and (j) show
higher magnification STEM images of the particles indicated by pink arrows in (a), (e) an (i), respectively. (c), (g) and (k) show the corresponding spectral images of Ag
obtained by EDX. (d), (h) and (l) show the EDX spectra of the area indicated boxes in, respectively, (b), (f) and (j). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 3. Representative STEM-EDX analysis of particles in a section of a polyamide fiber in AgMask-15. (a) is a HAADF-STEM image showing titanium dioxide (green arrow)
and silver (pink arrow) particles. (b) and (e) are, respectively, highermagnification STEM images of the titanium dioxide and silver particles indicated in (a). (c) and (f) show
the corresponding spectral images of Ti and Ag obtained by EDX. (d) and (h) show the matching EDX spectra. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

J. Mast et al. Science of the Total Environment 870 (2023) 161889
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nanosilver sintered onto amorphous silicon dioxide, is present (Egger et al.,
2009; EPA, 2011). The observed relatively low Si signal can be attributed to
the background signal of the detector. Assuming that all silver is present as
Ag0 NP, 0.91 % (0.76 μg) and 0.54 % (0.69 μg) of the Ag0 NP are estimated
to be present at the fiber surface of the external and the internal layers of
AgMask-15, respectively.

AgMask-16 contains the Argo9825 preservative and antimicrobial
agent for use in the manufacture of cellulose, polymer, plastic, and textile
products (EPA, 2016). According to its EPA registration file, this biocide
is based on CuO (93.337%), and further also contains zinc (0.313%), silver
(0.007 %) and other ingredients (6.343 %) (EPA, 2016). This mask was
originally selected as a control of the specificity of EDX element detection.
STEM-EDX analysis confirmed that thismask containsmany CuONP. It also
showed that theminor amount of contaminating silver (0.007%) is, at least
partly, present as Ag0 NP (Fig. 4), which can be clearly differentiated from
the CuO particles using STEM-EDX analysis.

3.2. Evaluation of the silver levels in face masks

To evaluate the safety of the silver present in the face masks, Table 2
compares the total amount of silver per face mask with the limit value(s).
Fig. 4.Representative STEM-EDX analyses of particles in the non-wovenfibers of AgMask
(f) and (i) show high magnification STEM images of copper (orange arrow) and silver
spectral images obtained by EDX. (For interpretation of the references to colour in this
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Out of the 13 face masks which contain detectable amounts of silver, 7
contain levels that are well below the relevant limit values (AgMask-02,
AgMask-12, AgMask-13, AgMask-17, AgMask-20, AgMask-22, and
AgMask-24). Their silver levels were compared with the limit value for
the generic form of silver only, because these face masks do not contain
Ag particles as assessed by electron microscopy. The silver biocide, quanti-
fied by ICP-OES, is hence assumed to be (largely) present in its ionic form.
The levels are so low that even if all silver would be released during a single
use, these face masks are not expected to generate safety concerns. Hence,
these masks can be considered intrinsically safe.

The amount of Ag+ ions in the face masks AgMask-14 and AgMask-18
exceeds the corresponding limit value, indicating that only a fraction
(30 % and 10 % respectively) of the available Ag+ ions can be released
under single use conditions without safety concerns.

In AgMask-16, the CuO based, EPA-registered Argo9825 preservative
and antimicrobial agent is applied. This mask was shown to contain a
small number of Ag0 NP. Although the mass fraction of silver in the
Argo9825 biocide is minute (0.007 %), the amount of silver exceeds the
limit value for nanosilver.

The amount of silver in AgMask-15 exceeds both the limit values for ge-
neric and nanoparticulate silver. However, STEM-EDX analysis shows that
-16. (a), (e) and (h) showHAADF-STEM images of sections of non-woven fibers. (b),
(pink arrow) particles in (a), (e) and (h). (c-d), (g) and (j) show the corresponding
figure legend, the reader is referred to the web version of this article.)
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the silver nanoparticles are encapsulated in the face mask's polymer fibers
and most of these particles can be considered unavailable for release.
When considering only the fraction of the particles present at thefiber's sur-
face, i.e. in total 1.45 μg, the amount of silver which potentially can be re-
leased is below the limit values and the mask can thus be considered safe.

The total amount of silver, including silver nanoparticles, in AgMask-03
is relatively high, exceeding both limit values. When >70 % of the silver
present in the face mask is released during a single use as Ag+, or 10 %
as Ag0 NP, the limit values for intrinsic safety are exceeded.

The total amount of silver in AgMask-08 is markedly higher than that of
the other evaluated facemasks and exceeds the limit values with several or-
ders of magnitude indicating that even very small silver releases, down to
0.1–0.01 ‰, results in exceeding the limit values for intrinsic safety. This
mask contains a coating of non-nanoparticulate metallic silver at the parti-
cle surface, and Ag0 NP at the surface of the coating and of the agglomer-
ated TiO2 particles in the fiber matrix.

4. Discussion

Wearing face masks is an important and widely applied public health
measure to control infectious agents. Textile companies propose new solu-
tions to the challenges associated with, for example, the COVID-19 pan-
demic, incorporating specific nanofiber, nanocomposite and nanoparticle
technology into face masks (Palmieri et al., 2021) including the application
of silver-based biocides (Ahmed et al., 2021). Albeit that the usefulness of
face masks in the management of SARS-CoV-2 infections is unquestionable
(Adenaiye et al., 2021), in depth research of (nano)technology applications
in textiles, and specifically the added value of biocidal silver treatment of
face masks, is important to avoid possible future consequences caused by
a poorly regulated use.

To evaluate the amounts and presence of silver-based biocides in face
masks, an approach was set up that combines total silver measurement
using ICP-MS or ICP-OES with in situ analysis of silver-based biocides in
ultra-thin sections of face masks using STEM and EDX. Digestion of the spe-
cific materials used for face masks requires very acidic conditions and the
use of hydrofluoric acid (Rujido-Santos et al., 2022). To avoid this very haz-
ardous acid, a digestion method at high temperature was validated previ-
ously (Mercier et al., 2022; Verleysen et al., 2022). The combination of
this digestionmethodwith ICP-MS and ICP-OES techniques allowedprecise
quantification of Ag in a wide concentration range (0.25–100,000 mg/kg)
which covers the measured amount of silver in the examined face masks.

In situ analysis of silver-based biocides in ultra-thin sections of facemasks
using STEMand EDX combines spatially resolved structural and chemical in-
formation to identify, localize and characterize properties of (nano)particles
in textile fibers, a method already successfully applied for the characteriza-
tion of TiO2 in face masks (Verleysen et al., 2022). A detailed description
of the developed sample preparation, imaging and image analysis procedure
is made publicly available (Wouters et al., 2022). This approach allowed us
to differentiate between the type and appearance of silver biocide applied
(ionic/NP form, coating). The high resolution imaging capability of the
STEM-EDX technique has proven to successfully identify silver particles of
sizes down to 13 nm. Due to limited sampling, however, only a small part
of the specimen can be examined, such that low numbers of Ag0 NP (or
non-homogeneities) might remain undetected in this type of analysis.

The proposed approach demonstrated varying amounts and different
types of silver-based biocides in a selection of facemasks offered on the Bel-
gianmarket and intended to be worn by the general public. Following types
of silver-based biocides were demonstrated: (i) Ag+ ions, (ii) metallic Ag0

NP distributed in the matrix of the fibers, (iii) Ag NP and large silver parti-
cles at the surface of, or close to cotton fibers in face masks containing
polycationic polymers binding Ag+ ions (Silvadur™ technology), (iv) as a
coating consisting of metallic silver releasing Ag+ ions, Ag0 NP and large
silver particles.

For most face masks, the findings agree with the information accompa-
nying the masks. In AgMask-17, advertised to contain silver nanoparticles
bound to cotton, the amount of silver was however so low (2.8 μg/mask)
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that this claim could not be confirmed or refuted. It cannot be excluded
that when the amount of silver is relatively low, Ag0 NP remain undetected
because their number is below the detection limit of the applied TEM anal-
ysis method. In the face masks AgMask-13, AgMask-14, AgMask-18 and
AgMask-20, silver ions are claimed by the producer to be released from fi-
bers or filters. In these masks, STEM-EDX analyses showed no silver (nano)
particles, nor local concentrations of the Ag signal coincidingwithfiber-like
structures, confirming the claims that the silver biocide is largely present as
Ag+ ions. This finding also implies that the applied approach does not
allow to differentiate application of Ag+ ions from the newer generation
of silver-based biocides based on (polymeric)fibers that bind and slowly re-
lease Ag+ ions (Swamy, 2018).

Several occupational exposure limits, ranging from 100 μg/m3 to 10 μg/
m3, have been proposed by regulatory agencies for non-nano silver. Occupa-
tional exposure limits were also proposed for nano‑silver. Weldon et al. pro-
posed 0.19 μg/m3 for Ag NPs based on the silver tissue dose and liver bile
duct hyperplasia response in female rats observed in a subchronic rat inha-
lation toxicity study and by taking the human equivalent concentrationwith
kinetics into consideration. Christensen et al. derived OELs of 0.1–0.67 μg/
m3 as an 8-h time weighted average (TWA) for Ag NPs, based on rat sub-
chronic inhalation data (Christensen et al., 2011). In 2021 NIOSH proposed
an OEL of 0.9 μg/m3 for nanosilver using largely the same dataset as for the
other OELs. We chose to use the NIOSH OELs for nanosilver as the basis for
our approach as it is most recent and considered the other proposed values.
TheNIOSHOEL for silver as metal dust, fume, and soluble compounds of 10
μg/m3 was used as it allowed to cover the different forms of silver, using an
OELs proposed by a world-wide recognized organization, ensuring consis-
tency, and because the value was also proposed by other institutes. When
the silver content of a face mask exceeds a limit value in the presented ap-
proach, this does not imply a risk as such, but rather indicates a need for
more detailed assessment enabling to make a conclusion of the face
mask's safety. On the other hand, if the silver content is lower than the
limit values, it indicates that the mask can be considered intrinsically safe,
independent of more detailed information on actual exposure. Hence, our
approach is an efficient and transparent screening approach identifying
safe face mask despite the scarcity of actual exposure information.

More than half of the analyzed face masks that contain detectable
amounts of silver, contain levels well below the relevant limit values and
can be considered intrinsically safe, independent of more detailed informa-
tion on actual exposure, i.e. AgMask-02, AgMask-12, AgMask-13, AgMask-
17, AgMask-20, AgMask-22, and AgMask-24. Several face masks contain,
however, levels of silver which exceeded one or both of the limit values
used in this study, i.e. AgMask-3, AgMask-8, AgMask-14, AgMask-15,
AgMask-16 and AgMask-18. Apart from AgMask-15 for which electron mi-
croscopy data demonstrated that only a part of the silver is available for re-
lease, a definitive conclusion (intrinsically safe) regarding the safety of these
could not be made. The main reason for this is the absolute scarcity of spe-
cific or generic information about the silver release during the use of silver-
containing face masks. On the other hand, it is clear that the approach cho-
sen is conservative because several factors were not considered (due to lack
of information) but which are key drivers determining the total silver expo-
sure during use. The total amount of silver in the face masks was compared
with the limit values, i.e. the fact that silver was present in multiple forms as
for instance in the case of AgMask-3, was not taken into consideration albeit
that it is more than possible that the release kinetics are different for silver
particles and water droplets with dissolved silver. Some masks contained
technologies designed for achieving a slow release of silver ions, e.g. the
so-called Silvadur™ technology in Ag-Mask-03 (Carmona-Ribeiro and de
Melo Carrasco, 2013). Also, no considerations were made with respect to
the mechanisms of silver release. As one both inhales and exhales through
the face masks, one could imagine that a part of the releasable silver is
“blown”out of the mask during exhalation and it is more than likely that
not the entire surface of the mask is involved when breathing through it.
In addition, the calculations for the entire mask assume no influence of
the different layers of the mask on silver exposure. Furthermore, all masks
exceeding the limit values in this study are identified as “re-usable” and
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when they are used this way, this can reduce the daily exposure to silver be-
cause 1) the total amount of silver being released will be spread over a lon-
ger use period and 2) information is available that silver is released from
silver-treated textiles during washing/dissolution (Benn et al., 2010;
Pollard et al., 2021); the repeated wash cycles will as such generate a loss
of the silver present in the face masks. Taking re-use into consideration
can thus significantly impact the safety assessment of the facemasks; in a
use scenario in which AgMask-14 is used at least 4 times, i.e. use time in-
creased from 4 h to 16 h, the safety of the face mask can be demonstrated.

The amount of silver in AgMask-08 is very high and exceeds all limit
values with several orders of magnitude. EM analyses demonstrated high
amounts of Ag0 NP and indications that these are released. Therefore, this
mask was considered unsafe and removed from the market by the Belgian
competent authorities (Vandenbroucke, 2022). In AgMask-08, Ag0 NP
were not only found on the fiber surface, but also in the fibers near the
TiO2 particles. It can be assumed that these Ag0 NP are formed de novo at
the negatively charged surface of the TiO2 particles, with known catalytic
properties (Yonezawa et al., 2005), by reduction of Ag+ ions. In this
mask, the amount of silver externally coating the fibers is very high,
which can lead to high amounts of released Ag+ ions, for which it is
known that, as opposed to Ag0 NP, they can migrate into the polymer fibers
(Franz et al., 2020). It remains to be examined whether the combination of
Ag+ ions with TiO2 particles can result in de novo formation of Ag0 NP in
other masks, where the concentrations and the (reaction) environment
are different. Although further research is necessary, this observation illus-
trates that the combination of silver ions and TiO2 must be critically exam-
ined in risk assessments to avoid unintended formation of and exposure to
Ag0 NP. Probably, the additional risk from the presence of these Ag0 NP in
AgMask-08 is low because the Ag0 NP in the fibers are surrounded by a
polymer matrix. They are not likely to be released as opposed to the Ag0

NP that were shown detaching from the Ag0 coating of the fibers (Fig. S4).
The observation that in AgMask-16, containing the CuO biocide

(93.337 %) (EPA, 2016), also Ag0 NP are present from a minor amount of
contaminating silver (0.007 %), warrants for the application of a method,
such a STEM-EDX, that allows to differentiate different types of particles
to control the specifications and the quality of particulate biocides. In this
specific case, the amount of CuO NP significantly exceeds that of Ag0 NP.
Therefore, the question of possible health risks of CuO in AgMask-16 is rel-
evant, but the characterization and risk analysis of the CuO particles was
out of the scope of this study.

A major limitation for the safety assessment of silver biocides in face
masks is the scarcity of quantitative (measured or modelled) information
about the silver release during the use of face masks. Some information is
available on the silver release from silver-treated textiles during washing/
dissolution (Benn et al., 2010; Limpiteeprakan et al., 2016; Pollard et al.,
2021) or abrasive conditions (Calderón et al., 2018; Lamb et al., 1990),
but this information is difficult to extrapolate into inhalation exposure in-
formation during face mask use. Therefore we chose an approach which
compares the silver content in the mask with limit values derived from
existing inhalation exposure limits, thus restricting the number of required
assumptions. A key assumption related to the use of the face mask was the
4 h during which a (re-useable) mask was used. In the absence of specific
data, adding complex assumptions to the assessment about the form and
the kinetics of the silver release combined with use patterns for different
user groups (children, adults, elderly), made little sense or was not feasible.
The calculations for the entire mask assume no interference of the different
layers of the mask on silver exposure.

Our results support the opinion of ANSES that it is impossible to reach a
single conclusion that can be generalized to all silver nanoparticles with re-
gard to their identification, the evaluation of their dangerousness, their an-
tibacterial activity and the possible phenomena of bacterial resistance,
whatever the planned or existing applications (ANSES, 2015). The results
further support the conclusions of Blevens et al. (Blevens et al., 2021) that
although many face masks have substantiated claims to contain silver
with antiviral and antimicrobial properties, “these certifications or patents
are not enough to determine credibility, and stricter regulations by federal
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agencies on product testing for manufacturers that make claims are neces-
sary to ensure the efficacy of the product advertised, as well as a cloth
face mask inhalation standard.”

5. Conclusions

The proposed methodologies allow characterizing silver-based biocides
applied in facemasks bymeasuring their silver content and determining the
type(s) and in situ localization of silver-based biocides. Thirteen of 20 se-
lected masks contained detectable amounts of silver ranging from 3 μg to
235 mg. Four of these masks contained silver nanoparticles, and in one of
these masks, the nanoparticles were present in a coating. Application of
this information in the approach, which compares the silver content in
the mask with limit values derived from existing inhalation exposure limits
for a specific silver biocidemaking aminimumof assumptions, allows iden-
tifying facemasks containing silver-based biocide that can be considered in-
trinsically safe (safe-by-design), and also face masks that require a more
extensive safety assessment. This can contribute to set up specifications
for safe face masks and for their quality control. With limited adaptations,
the proposed methodologies can be adapted for evaluation of applications
of metallic and metal oxide biocides other than silver-based biocides, and
for other types of consumer products and medical devices. Furthermore,
these results raise questions about the safety of some face masks and their
intended use. In line with ANSES's recommendations (ANSES, 2020) to
limit the use of silver nanoparticles (production, processing, use) to applica-
tionswhose usefulness has been clearly demonstrated,more data andmeth-
odologies should become available to assess the balance of benefits of
silver-based biocide on face masks for human health in relation to their
health and environmental risks.

The reported findings urge for in-depth research on the applications of
silver-based biocides in face masks, and on (nano)technology applications
in face masks in general. Phasing out applications that can be unsafe, prod-
uct development based on the safe-by-design principle, and implementing
regulatory standards and guidelines taking in account nanosafety concerns,
can avoid possible future consequences caused by a poorly designed nano-
technology in consumer and medical products, while maintaining
nanotechnology's important potential to improve (medical) products such
as face masks.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.161889.
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