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Abstract

Nanosilver has become one of the most widely used nanomaterials in consumer products because 

of its antimicrobial properties. Public concern over the potential adverse effects of nanosilver's 

environmental release has prompted discussion of federal regulation. In this paper, we assess 

several classes of consumer products for their silver content and potential to release nanosilver 

into water, air, or soil. Silver was quantified in a shirt, a medical mask and cloth, toothpaste, 

shampoo, detergent, a towel, a toy teddy bear, and two humidifiers. Silver concentrations ranged 

from 1.4 to 270,000 μg Ag g product−1. Products were washed in 500 mL of tap water to assess 

the potential release of silver into aqueous environmental matrices (wastewater, surface water, 

saliva, etc.). Silver was released in quantities up to 45 μg Ag g product−1, and size fractions were 

both larger and smaller than 100 nm. Scanning electron microscopy confirmed the presence of 

nanoparticle silver in most products as well as in the wash water samples. Four products were 

subjected to a toxicity characterization leaching procedure to assess the release of silver in a 

landfill. The medical cloth released an amount of silver comparable to the toxicity characterization 

limit. This paper presents methodologies that can be used to quantify and characterize silver and 

other nanomaterials in consumer products. The quantities of silver in consumer products can in 

turn be used to estimate real-world human and environmental exposure levels.
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Silver has long been used in products as an antimicrobial agent. Particles of silver can be 

administered in products to release ionic silver (Ag-), which is often attributed with 

antimicrobial efficacy (Percival et al., 2005; Wijnhoven et al., 2009). Nanosilver, defined 

here as particles of silver having at least one dimension in the 1- to 100-nm size range, is 

increasingly being used in consumer products to control the growth of microorganisms on 

surfaces and in solutions. Properties of nanosilver, such as a low redox potential (Ivanova 

and Zamborini, 2009), could increase the capacity of smaller nanosilver particles to release 

Ag- compared with bulk silver. In addition, the generation of reactive oxygen species has 

been suggested as a mechanism for nanosilver toxicity (Kim et al., 2007). Regardless of the 

toxicity mechanism(s), increased antimicrobial behavior of nanosilver is often observed at 

particle sizes under 30 nm (Auffan et al., 2009) and allows manufacturers to minimize the 

total silver used in a product compared with other forms such as silver nitrate or microscale 

silver (Ki et al., 2007).

However, it is unclear whether the novel properties of nanosilver will lead to adverse human 

and/or environmental health effects. The production, use, and disposal of products 

containing nanosilver can lead to the release of increased amounts of silver into various 

environmental compartments (air, water, soil). For example, nanosilver released from 

clothing could enter the environment in the effluent and/or biosolids resulting from 

wastewater treatment (Benn and Westerhoff, 2008). The possible adverse effects of 

increased environmental exposure to nanosilver include the development of silver-resistant 

bacteria (Gupta et al., 1999; Percival et al., 2005, 2008; Silver 2003), the impairment of 

aquatic (Choi and Hu, 2008; Griffitt et al., 2008, 2009; Navarro et al., 2008) and soil (Roh et 

al., 2009) organisms, and the impairment of human health (El-Ansary and Al-Daihan, 2009; 

Greulich et al., 2009; Hussain et al., 2005; Ji et al., 2007; Mirsattari et al., 2004; Takenaka et 

al., 2001).

The possible adverse effects have prompted 14 organizations, led by the International Center 

for Technology Assessment, in 2008 to petition the USEPA to regulate all consumer 

products containing nanosilver. Any potential policy measures will have an impact on the 

commercial nanosilver market, which consisted of >230 products as of August 2008 

(Woodrow Wilson International Center for Scholars, 2009). Therefore, the public, 

regulatory, and commercial arenas could benefit from a risk assessment of the use of 

nanosilver.

Quantifying human and environmental exposures to silver is a key component to 

determining the risk from an increased use of nanosilver. Environmental exposure levels 

have been modeled by estimating production, use, and release scenarios (Mueller and 

Nowack, 2008) and by probabilistic material flow analyses (Gottschalk et al., 2009). 

However, limited empirical data are available on the release of nanosilver from 

manufactured products to validate the results of these models. Additionally, potential human 

exposures resulting from the use of commercial products containing nanosilver have not yet 

been determined.

The increasing number of products containing nanosilver provides an opportunity to obtain 

data that can lend to quantification of human and environmental exposures. The total 
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quantification of silver in products by acid digestion (Benn and Westerhoff, 2008) can 

provide an upper limit for human and environmental silver exposure estimates. The potential 

release of silver into complex aquatic systems (wastewater, surface water, saliva, landfill 

leachate, etc.) can be estimated by quantifying the release of silver into comparable water 

conditions. Quantification of nanosilver released from products into water samples can be 

obtained with electron microscopy and nanoscale filtration methods (Benn and Westerhoff, 

2008). Confirming the presence of nanosilver in products and quantifying the potential 

release into water will be valuable for the risk assessment of nanosilver technologies.

This study focuses on quantifying and characterizing the silver currently being used in and 

potentially released from consumer products. Inductively coupled plasma—optical emission 

spectroscopy (ICP—OES) was used to quantify (i) silver in 10 consumer products (shirt, 

medical mask and cloth, toothpaste, shampoo, detergent, towel, toy teddy bear, and two 

humidifiers) and (ii) the release of this silver into tap water, airborne water droplets, and 

simulated landfill leachate. Scanning electron microscopy with energy dispersive X-ray 

(SEM/EDX) and filtration techniques were used to investigate the form, shape, and size of 

the silver. The flux of silver into landfills as a result of the disposal of wastewater treatment 

plant (WWTP) biosolids and consumer products is also discussed. These data will aid risk 

assessors in approximating levels of human and environmental exposure to silver as a result 

of consumer product use. This research also provides a methodology for manufacturers, 

researchers, and risk assessors to quantify and characterize the nanomaterials used in 

consumer products.

Materials and Methods

Products were purchased based on advertisements of the use of nanosilver, colloidal silver, 

and/or ionic silver (Table 1). Toothpaste, shampoo, and laundry detergent were purchased to 

determine if products advertised to use colloidal or ionic silver contain and release 

nanosilver as well. Puckskin (Macker International Apparel Inc., Furry Creek, BC, Canada) 

donated an athletic shirt and unfinished cloth (not yet tailored into shirts or other products) 

that contained Texcare, a nanosilver fabric. The toothpaste was the only product to advertise 

a specific concentration of silver, which was 100 ppm.

Samples of the products (0.1–0.5 g) were subjected to nitric acid digestion (Standard 

Method 3030 E) to determine the total silver content (Clesceri et al., 1998). Representative 

samples of the products were washed in a glass container with 500 mL of municipal tap 

water (Tempe, AZ; pH ≈ 7.6, conductance ≈ 1.0 mS) and mixed for 1 h at room 

temperature. Tempe, AZ, tap water conforms to USEPA drinking water standards and has 

typical values for chloride, chlorine residual, alkalinity, and hardness of 97 mg L−1 0.71 mg 

L−1, 135 mg L−1 as CaCO3, and 186 mg L−1 as CaCO3 respectively (unpublished data, 

2010; City of Tempe, 2010). This washing protocol is designed to provide estimations of 

silver leached into more complex aqueous environments (wastewater, surface water, saliva, 

etc.) where differences in water conditions (temperature, pH, redox potential, particulate 

matter, etc.) may effect silver release. Three samples of the athletic shirt and two samples of 

the unfinished cloth were washed one time each to determine an average release of silver. 

One sample of each of the remaining products was washed one time. For size fractionation 
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analysis, water samples were filtered through 450-nm-, 100-nm-, and 20-nm-pore-size filters 

(Whatman, Kent, UK) and acidified (pH <2) with Ultrapure Nitric Acid (JT Baker, 

Phillipsburg, NJ). There was no retention of ionic silver by any filters in control 

experiments. Silver was analyzed by ICP–OES (Thermo iCap 6000, Waltham, MA) with a 

method detection limit of 0.1 μgL−1. Inductively coupled plasma spectroscopy techniques 

are standard methods for quantifying total silver content in environmental samples. 

However, these techniques alone do not provide information on the shape, size, or form of 

the silver.

Scanning electron microscopy with energy dispersive X-ray (FEI-XL30, EFSEM/EDAX, 

FEI, Hillsboro, OR) was used for visual and elemental confirmation of silver in the samples. 

The SEM image resolution is approximately 3 nm and the electron beam for EDX analysis 

can be hundreds of nanometers wide and penetrate up to 1.3 μm into the sample. Solid 

samples (e.g., medical cloth and mask) were secured onto SEM stubs with carbon tape. For 

the tap water samples, the particulate matter was allowed to settle, then 15 mL of the 

supernatant was centrifuged onto a carbon-taped SEM stub at F = 10,000 × g for 15 min 

(Thermo IEC, Waltham, MA). Low-magnification images are provided as Supplementary 

Fig. SI—S4 to demonstrate the relative abundance of particles found in samples.

Nanopure water (MilliQ, Billerica, MA) was loaded into two humidifiers, and the mist was 

collected and analyzed for total silver content. The mist was pulled through a stainless steel 

ultraviolet lamp housing column (3.2-cm diam. by 31.5 cm, Millipore, Billerica, MA) 

packed with 5-mm-diam. borosilicate glass beads (VWR, West Chester, PA) by connecting 

a 1/4-HP vacuum pump (VWR, West Chester, PA) with Tygon R-3603 tubing (VWR, West 

Chester, PA). During vacuum pump operation, the airborne water droplets attached to the 

surface of the beads. Intermittent stopping of the vacuum pump allowed the water to fall out 

of the bottom of the column for collection. A schematic of the apparatus is supplied in the 

Supplementary Information (Supplementary Fig. S5). Eight mist samples (15 mL each) were 

collected from the small humidifier. A composite mist sample (500 mL) was collected from 

the large humidifier and concentrated to 50 mL for analysis because of low silver content.

Experiments based on the toxicity characterization leaching procedure (TCLP) (USEPA, 

1992) were conducted with the medical mask, medical cloth, plastic tank of the small 

humidifier, and filter resin of the large humidifier to simulate the potential release of silver 

after disposal of the products in landfills. The TCLP evaluates the release of contaminants 

from wastes under water conditions intended to represent landfill leachate. For silver, the 

product is considered toxic if the TCLP solution contains >5 mg L−1 silver. The TCLP 

extraction solution was prepared by adding 5.7 mL of glacial acetic acid (JT Baker, 

Phillipsburg, NJ) and 64.3 mL of 1 M NaOH (ACS grade, Mallinckrodt, Phillipsburg, NJ) to 

nanopure water (Millipore, Billerica, MA) and diluting to 1 L for a final pH of 4.8 (USEPA, 

1992). The extraction solution (20× the product mass) and products (1—2 g) were combined 

in 50-mL high-density polyethylene centrifuge vials (VWR, West Chester, PA) and rotated 

at 30 rpm on a TCLP rotary agitator (Analytical Testing Corporation, Warrington, PA) for 

24 h. Samples were filtered (GF/F, Whatman, Kent, UK) before ICP–OES analysis.
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Results

Quantification/Characterization of Silver in Products

Table 1 summarizes the silver content extracted from each product via nitric acid digestion. 

The silver content ranged from 1 μg Ag g product−1 to 270 mg Ag g product−1. In general, 

the personal care products (detergent, shampoo, and toothpaste) contained <10 μg Ag g 

product−1, while the clothing exhibited silver contents of approximately 30 to 45 μg Ag g 

product−1. The face mask and medical cloth contained the highest quantity of silver, 

approximately 25% by weight (270,000 and 230,000 μg Ag g product−1, respectively).

The silver content in several samples (medical mask and cloth, toothpaste, towel, teddy bear, 

and large humidifier) exhibited high variability. Microscale silver particles found in some of 

these products may result in a heterogeneous silver distribution throughout the material, 

which may prevent obtaining a reproducible sample for analysis. For example, the high 

standard deviation of the toothpaste silver content could be the result of unevenly distributed 

micrometer-sized silver. Figure 1 is an SEM image that confirms the release of microscale 

silver from the toothpaste. The size fractionation data on the silver released from the 

toothpaste into tap water also suggest that the majority of silver is retained by the 100-nm-

pore-size filter (see Table 2 and next section). A heterogeneous distribution of silver in the 

toothpaste may explain the discrepancy between the advertised concentration (100 ppm) and 

the measured concentration (8 μg g−1 [8 ppm]). Figure 2a shows 500-nm-diam. 

agglomerates of nanosilver that are typical of the medical mask, and SEM at lower 

magnification shows them unevenly distributed over the mask surface (Supplementary Fig. 

S2). Furthermore, precipitates were visually identified at the bottom of the detergent bottle. 

The SEM analysis of these particulates showed micrometer-scale agglomerates comprised of 

nanoscale particles that EDX analysis suggests are silver (Fig. 3). These unique crystal-like 

structures may be formed during the evaporation of the detergent during SEM stub 

preparation. However, these agglomerates were not detected with SEM in the bulk of the 

detergent. The microscale silver that settled to the bottom of the bottle was probably not 

sampled during the acid digestion analysis, and the low variability in the silver content 

analysis of the detergent could be attributed to dissolved silver ions. Such heterogeneous 

silver distributions could result in varying levels of silver released during use of the product 

and/or impair product performance.

Release of Silver into Water

Table 2 summarizes the quantity and particle size fractionation of silver released from 

consumer products that were washed in tap water for 1 h. The products released highly 

variable amounts of their silver. For example, the face mask, which contained approximately 

27% silver by weight, released <0.01% (15.8 μg) of its silver into the wash water. In 

contrast, the shirt, which contained 44 μg g−1 of silver, released about 2% (34 μg) of its 

silver. The toothpaste, shampoo, and detergent were assumed to release all of their silver 

into the wash water.

The 100-nm-pore-size filter removed the majority of the silver released by the toothpaste, 

shampoo, and detergent. This suggests that the silver is released as particles, or is associated 
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with particles, larger than 100 nm. Conversely, the majority of the silver released from the 

shirt, mask, and medical cloth passed through the 20-nm filter. Scanning electron 

microscopy was used to confirm the size of the nanosilver released from the medical cloth 

and mask. Figure 2a shows three large agglomerates (∼500 nm in diam.) of silver 

nanoparticles on the surface of the face mask, which is completely coated with smaller 

nanoparticles (<20 nm in diam.). The small nanoparticles on the surface were confirmed 

with an EDX analysis at a location on the face mask surface away from the 500-nm 

agglomerates, which also yielded a dominant silver signal. This suggests that the silver 

passing through the 20-nm filter could be nanoparticles in addition to dissolved silver ions. 

Figure 2b shows agglomerations of particles with sizes <100 nm that were released into the 

tap water. These agglomerations are similar to those seen on the mask fabric. However, they 

could be an artifact of the centrifugation step during preparation of the SEM sample; forced 

settling during centrifugation may increase the probability of particles colliding and forming 

larger agglomerates.

The SEM analysis was also conducted on other products and their subsequent wash waters. 

The typical particles found in the wash water of the toothpaste (Fig. 1) are much larger in 

size (100–500 nm) than those from the medical cloth and mask. This concurs with the size 

fraction data in Table 2, in which only about 10% of the toothpaste silver passed through a 

20-nm filter. Although not advertised to contain nanosilver, the toothpaste appears to release 

at least some nanosize silver particles into tap water. The SEM/EDX also confirmed the 

presence of silver nanoparticles in the wash water of the shirt (Supplementary Fig. S4).

A calculation of the silver released per capita from the use of daily household products (i.e., 

washing one 178-g shirt and using 5 g of shampoo, 100 g of detergent, and 1 g of 

toothpaste), assuming that all of the released silver reaches the sewer, suggests that one 

consumer could be responsible for releasing about 470 μg Ag into the sewer system per day. 

This calculation uses the wash water data for the shirt and toothpaste and assumes that the 

shampoo and detergent release 100% of their silver contents. This calculation can be used to 

comprehend the influx of silver to sewage as a result of the use of nanosilver in the home. If 

10,000 people released 470 μg Ag per capita d−1 into a million-gallon-per-day capacity 

WWTP, the biosolids silver concentration might increase by 0.7 mg Ag kg−1 (using model 

from Benn and Westerhoff, 2008). This value is comparable to the 1.29 mg kg−1 sludge 

silver concentration predicted by a probability density function model (Gottschalk et al., 

2009). Furthermore, a survey of U.S. WWTPs in 2006 to 2007 quantified silver in biosolids 

ranging from 1.94 to 856 mg kg−1 (USEPA, 2009b). Therefore, a worst-case scenario where 

everybody in a population leached 470 μg Ag d−1 might lead to increases in WWTP 

biosolids silver concentrations comparable to concentrations currently observed. This 

demonstrates that an increase in the use of nanosilver could noticeably increase the amount 

of silver in some wastewater systems. The environmental impact of this increase in 

wastewater silver is yet to be determined. It should be noted that other consumer products 

containing silver were not tested that could add to an estimation of silver released per capita 

per day. Also, the release of silver over product lifetimes could be investigated to justify this 

calculation.
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Release of Silver from Humidifiers into Air

Silver was quantified in the water emitted from two humidifiers. The plastic tank of the 

small humidifier, which contained 60 μg Ag g plastic−1, released water containing 1.1 ± 0.4 

μg Ag L− (± represents standard deviation of eight samples) into the air at a flow rate of 100 

mL h−1. Therefore, the mass flow rate of silver released into the air is estimated to be 0.11 ± 

0.04 μg Ag h−1. Similarly, the large humidifier released water containing 0.19 μg Ag L−1 at 

a flow rate of 420 mL h−, which is a release rate into the air of 0.08 μg Ag h−1. Because the 

silver concentrations in the collected water were low, filter fractionation and SEM analyses 

could not be conducted. The SEM/EDX analysis was attempted on the plastic of the small 

humidifier, but the presence of nanosilver could not be confirmed due to the instability of 

the plastic sample under the electron beam.

Release of Silver into Landfills

It is probable that most of the silver released from these products into wastewater will enter 

municipal and septic sewage systems. At municipal WWTPs most of the silver can be 

removed either by adsorption to particulates (Benn and Westerhoff, 2008; Wang et al., 

2003) or precipitation with chloride (Wang et al., 2003), after which it is settled out within 

the biosolids to be disposed of as agricultural fertilizer, incinerated, or landfilled. Silver not 

removed at a WWTP will reenter the aquatic environment on discharge of the treated 

effluent. Although this amount of silver is estimated to be low (Benn and Westerhoff, 2008; 

Mueller and Nowack, 2008), it must not be neglected when considering fate and transport 

over long time scales and potential adverse environmental effects due to bioaccumulation.

Several products in this study will end up in landfills at the end of their useful life. The 

medical mask and cloth, towel, teddy bear, and humidifier did not release a significant 

portion of their silver in the tap water wash, so it is reasonable to assume that these products 

will still contain silver when they are disposed of in landfills. Moreover, if one assumes that 

a majority of the silver released into wastewater is collected in WWTP biosolids and 

eventually deposited in a landfill, the flux of silver entering landfills can be estimated as the 

total silver contained in the products. The total combined estimated silver in the consumer 

products investigated here is approximately 1450 mg (Table 1).

Since silver-containing products will be disposed of in landfills, TCLP experiments were 

performed on four products to simulate the release of silver within a landfill. Table 3 

presents the results. The medical mask and cloth were chosen for TCLP experiments 

because of their high silver content, and the humidifiers were chosen because their low 

silver release rate suggested that the product might contain silver at the time of disposal. At 

2900 μg L−1, the medical cloth TCLP silver concentration was on the same order as the 

toxicity characterization limit of 5000 μg L−1 (USEPA, 1992). The medical mask and cloth 

released 1.7 and 54 μg Ag g product−1, respectively. These values are similar to the mass of 

silver released into water (Table 2). Conversely, the humidifiers released silver faster into 

the TCLP solution than into water droplets during product use. The plastic and filter resin 

from the small and large humidifiers released 0.22 and 0.13 μg Ag g product−1, respectively. 

Therefore, based on a 24-h evaluation, the humidifiers would release silver in a landfill at a 
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rate about 10 times faster than into the air during use. This example illustrates the 

complexity of understanding and predicting fluxes of nanomaterials into the environment.

Implications

The research presented here quantifies the silver that is currently being used in consumer 

products and could be released into sectors of the environment. These data, when coupled 

with future nanosilver toxicity data, can be used to estimate the environmental and human 

health risks resulting from the use of nanosilver. This work is thus useful for consumers, 

product manufacturers, and policymakers, although some limitations are worth 

consideration. The wash experiments were designed to investigate silver leaching into tap 

water as opposed to simulating “real-world” use scenarios. Silver leaching in real-world 

scenarios will be affected by water quality parameters such as pH, detergents, and oxidants 

(Geranio et al., 2009) as well as consumer behaviors (washing habits, disposal, use of 

product, etc.). Lower pH values, higher temperatures, mechanical stress, and oxidants such 

as bleaching agents would cause a general trend toward increased silver release rates 

compared with the conditions of these experiments. Despite higher pH values (∼10) in 

“real-world” washing conditions, silver release rates may be higher than those observed here 

if oxidizing agents such as bleach are used (Geranio et al., 2009). The quantities of silver 

passing 100- and 20-nm-pore-size filters most likely consist of both ionic and nanoparticle 

silver. Some of the silver retained by the 100-nm-pore-size filter may be ionic and/or 

nanoparticles associated with material larger than 100 nm. Detection methods specific to 

nanosilver are needed to provide a more accurate characterization of silver. Finally, the 

quantities of silver released from these products may be considered as an initial leaching 

characterization due to the lack of replication in the leaching experiments. The validity of 

assumptions made for WWTP and landfill influxes could be assessed by replicating leaching 

experiments and quantifying silver release rates over product life cycles.

Because government does not specifically regulate the use of nanosilver in products, the 

onus of protecting human and environmental health from potential adverse effects currently 

falls on individuals. This research demonstrates that consumers will subject themselves 

and/or the environment to some exposure of silver (nanoparticle, ionic, or microscale) by 

using and/or disposing of silver-containing products. Although many factors contribute to 

perceptions of nanotechnology risks (Kahan et al., 2008), these data allow individuals to 

conceptually weigh the potential adverse effects of these quantities of silver against the 

perceived benefits from use of these products.

It has been demonstrated that silver particles can agglomerate and settle out of some 

products, such as the detergent. This suggests that some silver products may not perform as 

designed. Manufacturers may want to consider validating the function of the nanosilver in 

their products using some of the methods described here. For example, these 

characterization techniques can verify the properties of nanosilver (e.g., concentration, size) 

being varied in a product while the impact on antimicrobial efficacy is monitored.

The silver being used in products clearly will be released into the environment at some point 

of the product life cycle. Knowing this, society can begin to take an earth systems 
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engineering and management approach to the design of nanosilver products (Allenby, 2000, 

2007). That is, we should recognize that by engineering a product to be antimicrobial, we 

are also engineering the concentration of silver in various environments. This allows for the 

potential human and environmental effects to be factored into an improved design or a 

regulatory framework for nanosilver products.

Environmental occurrence and toxicity data related to engineered nanomaterials are needed 

before a regulatory direction can be established (Morris and Willis, 2007). This research 

provides an example of occurrence and environmental release data for nanomaterials that the 

USEPA's voluntary Nanomaterial Stewardship Program was designed to produce (USEPA, 

2009a). The efficiency of that program has been questioned (Maynard and Rejeski, 2009), 

and one possible explanation for the lack of participation is the cost, in time and money, of 

producing such data. The methods presented here indicate that gathering basic data 

regarding the environmental transport of nanomaterials from consumer products can be 

achieved with relative ease at the laboratory scale. But it will be a challenge to scale up this 

approach to acquire occurrence and environmental release data for all consumer products 

containing nanomaterials.

The uncertainty regarding the potential negative impacts from the use of nanosilver in 

consumer products makes it unclear whether the government should regulate the growing 

economic market for these items. The research presented here is evidence for consumers, 

product manufacturers, scientists, and policymakers that nanomaterials will enter our 

environment as a result of their use in consumer products. Because these data only specify 

quantities of silver in products and possible releases into the environment, not toxicity, the 

nanosilver regulation debate remains open.
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Fig. 1. 
Scanning electron micrograph of silver particles in a tap water wash of toothpaste. Inset: 

Energy dispersive X-ray analysis of particles indicating presence of silver.
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Fig. 2. 
(a) Scanning electron micrograph (SEM) of three nanosilver agglomerations (∼200–500 nm 

diam.) on the fabric surface of a medical face mask that is also completely coated with 

nanosilver particles <20 nm in diameter (underlying particles). Inset: Energy dispersive X-

ray (EDX) analysis indicating the agglomerations and surface of the mask contain silver. (b) 

SEM of a tap water wash of the face mask. Inset: EDX analysis showing silver. Carbon and 

oxygen peaks are attributed to the background carbon tape of the SEM stub.
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Fig. 3. 
(a) Micron-sized, cubic agglomerates of nanosilver particles collected from the bottom of 

the detergent bottle. Inset: Energy dispersive X-ray analysis of the cubic structure showing 

dominant silver presence. (b) Surface of a cubic structure showing the arrangement of silver 

nanoparticles.
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Table 3

Silver released during toxicity characterization leaching procedure (TCLP)†

Sample‡ Sample mass TCLP solution volume TCLP silver content Mass of silver leached

g mL μg L−1 μg Ag g product−1

Medical mask 0.7 28 88 1.7

Medical cloth 0.9 17.5 2900 54

Small humidifier (plastic) 1.5–2.0 30–39 10 ± 0.9 0.2 ± 0.02

Large humidifier (resin) 1.9–2.4 39–48 7 ± 3.5 0.1 ± 0.07

†
The ± values represent standard deviations of three repetitions.

‡
Medical mask and medical cloth were analyzed only once due to limited sample quantity.
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