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Durability of nano-enhanced textiles through the
life cycle: releases from landfilling after washing†‡

Denise M. Mitrano,*a Pawena Limpiteeprakan,b Sandhya Babelb and Bernd Nowacka

By taking a life cycle approach to study the potential for silver nanoparticle (AgNP) release from functional-

ized textiles, we can estimate the relative importance of different phases to the release of Ag over time.

Alongside the fastness of the AgNPs during the use phase (e.g. washing), we further explored the release

potential of NPs from fabrics disposed of in a landfill (i.e. the end of life stage). Three different laboratory-

prepared nano-enhanced fabrics (60 nm and 100 nm citrate-capped Ag as reactive particles; 60 nm

citrate-capped Au as a non-reactive control) were subjected to 1 or 10 washing cycles under different

laundering conditions (detergents with and without oxidants). The total metal released varied significantly

depending on NP incorporation and the washing pattern variant. Au served to contrast the mechanical re-

lease of NPs with the (additional) chemical release the detergents induced to the Ag textiles, where the Ag :

Au ratio released from the fabric was as high as 3, suggesting more predominant chemical mechanisms for

silver release in those cases. Textile disposal was simulated by the Toxicity Characteristic Leaching Proce-

dure (TCLP), where pre-laundered fabrics were subjected to this sequential exposure. The results show that

the active landfill environment cannot readily mobilize the NPs from the fabric surface as easily after wash-

ing compared to unwashed textiles. Without washing, simulated landfilling released between 35–45% of the

total Ag incorporated into the fabric (and only 20% of Au), but after laundering, most variants released less

than 0.5%. Therefore, larger releases of NPs from textiles were observed during the use phase of the life cy-

cle rather than the disposal phase, where an important portion of the released NP was in the dissolved

phase. Large variations in releases at the end of life stage are determined under pre-washing conditions,

which proves the necessity of life-cycle aging sequences to properly assess the likelihood and characteris-

tics of materials released from nano-enhanced textiles.

1 Introduction

Nanoparticles (NPs) are added to textiles to impart various
functionalities such as antimicrobial properties, self-cleaning
ability or dirt repellency.1 A large variety of textiles on the
market today contain silver (Ag) in various forms (e.g. Ag0,
Ag/TiO2 and AgNPs) acting as an antimicrobial agent.2,3 AgNP
incorporation into textiles makes up an important share of
AgNP use across all possible applications.4 This use of nano-
silver has stirred quite some public and scientific debate
about its possible adverse effects, resulting in a large body of
literature on the fate and effects of nano-Ag.5–7 During prod-
uct use, both environmental and human activities can stress
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Nano Impact

Understanding the transformation and release of nanoparticles from nano-enhanced products depends on crafting studies that rely on realistic consumer
patterns representing multiple and sequential phases of a product life cycle. Here, textiles are studied with known nanoparticle incorporation (production
phase), various washing conditions (use phase) and landfilling (disposal phase) to understand the dynamics of the silver nanoparticle behavior in each
step. The use of well-controlled fabrics, unreactive reference materials and a life cycle-based experimental regime is paramount to understanding silver spe-
cific responses to laundering and/or landfilling of these nano-composite fabrics and thus better predicting factor(s) responsible for silver releases over
time.
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a nano-product resulting in NP transformationĲs) and re-
leases. In order to obtain a holistic view about the possible
fate of Ag in textiles, all life-cycle stages need to be evaluated,
including production, use and disposal.8 Choices made dur-
ing textile fabrication can dictate both the concentration of
NPs loaded onto the material and the possible releases if NPs
do not securely adhere to the fabric surface.9,10 During the
use phase of the life cycle of a textile, environmental and con-
sumer use patterns can vary significantly11 and so NP trans-
formations and releases may diverge from a textile made by
the same fabrication process.12 For example, exposure to sun-
light during outdoor use, sweat contact, washing, drying,
ironing and finally disposal (either in a landfill or by inciner-
ation) may all have variable effects on the durability and fast-
ness of the NPs in each textile formulation.8,13 There are a
suite of studies that targeted the release during washing14–17

and the exposure of humans through release into sweat.17–20

These studies have shown that, depending on the textile in-
vestigated, release can range from below 1% to more than
50% of the Ag contained in the textile during one single
washing. It was also shown that significant transformation of
metallic Ag to AgCl and AgS occurred during launder-
ing.2,16,21 Furthermore, differences in wash conditions (e.g.
detergent type) can drastically affect possible Ag transforma-
tions once particles are released into the solution.22

The fate and behavior of Ag in textiles in the end of life
(EoL) stage have received significantly less attention than
washing textiles. Since textiles and other similar nano-
enhanced consumer goods will often be finally disposed of in
landfills, a better understanding of the potential for AgNPs to
be released into and transported in landfill leachates is
needed. The release of Ag under landfill conditions from
some consumer products, including textiles, has been
reported by Benn and co-workers, but no distinction between
dissolved and particulate silver was made.23 Through other
leaching tests, it has been suggested that nano-Ag-containing
textiles should not be considered hazardous waste, yet it is
important to evaluate the release potential of textiles with
high silver concentrations under relevant reactive landfill
conditions.24 The influence of the antimicrobial activity of sil-
ver on the biological activity in landfills has been studied to
some extent. The application of AgNPs on cotton fabrics
suppressed the biodegradation of the fabrics in soil.

25

The re-
sistance against bacterial attack of AgNP-treated cotton, wool
and silk was enhanced compared to non-treated textiles dur-
ing a soil burial test, and the fiber breaking load was reduced
in all fibers without nano-treatment.26 Furthermore, even low
concentrations of AgNPs were shown to have small impacts
on the composting process.27

Detailed studies on the fate and behavior of Ag nano-
enhanced textiles during the EoL phase are scarce, especially
those connecting the EoL stage with the previous use stage(s)
of the life cycle. The toxicity characteristic leaching procedure
(TCLP) is a standard test applied to investigate release under
landfill conditions.28 The TCLP test mimics the type of pro-
cesses that waste might be exposed to under natural condi-

tions in a landfill. If hazardous components migrate from
the disposal site into a water source, drinking water supplies
may be contaminated. The TCLP test consists of extraction of
contaminants using an acetic acid buffer solution followed
by analysis of the resultant extract. If a TCLP test determina-
tion indicates that these elements are present at concentra-
tions that exceed the associated regulatory limits, then the
original waste is considered to be toxic and is subject to strin-
gent disposal regulations. The study by Benn and co-
workers29 has used this test to quantify the release of Ag from
various consumer products in the past.

The objective of this study is to highlight the characteriza-
tion of AgNP releases from lab-prepared fabrics under two se-
quential life-cycle phases: washing and subsequent simulated
landfill conditions. In order to include the variations in con-
sumer use and represent realistic household washing condi-
tions, fabric swatches were washed one or ten times with one
of two detergents (with and without oxidizing agent). The re-
lease of NPs from textiles can be due to different factors,
both chemical and physical. To explore the differences be-
tween chemical and physical (mechanical) release of Ag dur-
ing the washing and leaching process, we included fabrics
made with nano-Au as a non-reactive control NP. Characteri-
zation of the system was accomplished in several phases: (1)
multiple wash cycles in different detergent chemistries, (2)
simulated landfill tests of previously washed fabrics, (3) total
metal remaining on the textile (both after washing and after
landfilling) as measured by fabric digestion and total metals
analysis, (4) differentiation between particulate and dissolved
metal in wash water and landfill leachate extract and (5) anal-
ysis of the stability of NPs in landfill leachates to understand
the likelihood of mobility of particles once they are in the
landfill.

2 Materials and methods
2.1 Nanoparticles, fabric liquors and standards

60 nm and 100 nm citrate-capped spherical AgNPs with stock
concentrations of 20 mg L−1 were purchased from Sigma Al-
drich (Germany) alongside 60 nm AuNPs (50 mg L−1) from
nanoComposix (San Diego, CA, USA). Dissolved standards
used for ICP-MS calibration (AgNO3 and Au; Merck) were di-
luted in 2% nitric acid or 3% HCl with concentrations rang-
ing from 1 to 200 μg L−1.

2.2 Application of nanomaterials to polyester fabric

The fabrics consisted of 100% woven polyester (PET). The
fabrics, sized A4, were treated on a dual-roll padder operated
at 2 m s−1 with a roll pressure of 4 bar. Nanoparticles were
added to a fabric liquor to treat the woven polyester fabric. A
typical liquor composition included 25 mL of stock NPs, 1
mL of the binder, 0.05 mL of the fabric wetting agent, 0.01
mL of citric acid and 1 mL of water. The binder used was Ef-
fect SAX (HeiQ Materials AG, Switzerland), which is a blocked
linear isocyanate with cationic character, which starts to de-
block above 150 °C (i.e. in the curing phase). Typical liquor
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absorption was 35–40% wet pick-up by weight before drying
at 120 °C for 2 min in a laboratory stenter and subsequent
curing at 160 °C for 2 min. Fabric sheets were processed
twice through this process for maximal NP adhesion given
the relatively dilute NP concentration in the fabric liquor.
The fabric sheets were trimmed and cut into squares approxi-
mately 1 cm2 in size, mixed and separated into batches of ap-
proximately 1 g for treatments of washing, simulated landfill
exposure, or washing with subsequent simulated landfill
exposure.

2.3 Washing procedure

In order to investigate the potential for nano-Ag to be re-
leased during the use phase of the product life cycle, sequen-
tial washing was performed with analysis of fabrics after one
wash and after ten washes. Additionally, to highlight the vari-
ety of home washing conditions, which was recently reported
to significantly affect NP transformations through the wash
cycle,22 two types of powder detergent were bought from a
grocery store. As outlined in Mitrano et al., where all washing
detergent chemistry can be found,22 one detergent contained
no oxidizing agents (“color”) and one contained 13% by
weight oxidants (“oxi”), where the differing washing deter-
gent chemistry was postulated to be responsible for varia-
tions in NP degradation/dissolution.

The washing procedure was based on ISO standard 105-
C06:2010, which describes testing of the color fastness
through domestic and commercial laundering, with further
amendments made according to our previous washing stud-
ies.10,15,16 The wash liquor was prepared by dissolving 4 g of
detergent per liter of water. Approximately 1 g of fabric was
placed into polyethylene bottles (50 mL with a tight fitting
cap to withstand the extra pressure created by oxidizing
agents in some solutions) containing 5 polyethylene balls
and 20 mL of wash solution. A 45 min program at 40 °C and
40 ± 2 rpm with steel vessels (75 ± 5 mm diameter, 125 ± 10
mm height, 550 ± 50 mL) tumbling end-over-end with two
rinse cycles was followed, as per our previous publica-
tions.10,15,16,22 After each wash cycle, the fabrics were re-
moved and dried at 60 °C in an oven before the next wash cy-
cle commenced. The fabrics after 1 and 10 wash cycles were
either analyzed directly for loss of metal NP content during
the washing procedure or employed for the leaching test
representing disposal in a landfill (TCLP test; more informa-
tion in section 2.4). Note that each replicate of washing or
combination of washing with subsequent leachate exposure
was individually processed, i.e. 3 separate treatments of 10
washes with subsequent TCLP exposure were performed as
opposed to “bulk” washing of fabrics 10 times and then expo-
sure to the TCLP liquid. This inherently means that the stan-
dard deviation between samples is cumulative throughout
the entire experimental process (i.e. addition of washing dif-
ferences between samples plus TCLP differences).

The wash water was saved after 1 and 10 washes of the
nano-Ag fabrics to determine the ionic Ag content. Centrifu-

gal ultrafiltration was performed using spin filters with porous
cellulose membranes with a 10 kDa size cutoff (Vivaspin 6, GE
Heathcare, Bioscience, USA); effectively a nominal particle size
limit of 1 to 2 nm. The suspensions were centrifuged for 15
min at 3500 rpm. The solution was acidified with 2% HNO3

and analyzed by ICP-MS (Agilent 8800 Triple Quad).

2.4 Simulated leaching test (TCLP)

One set of three unwashed fabrics underwent the TCLP test
(The EPA Standard Method 1311; Toxicity Characteristic
Leaching Procedure) to determine the leaching behavior from
this procedure alone. Triplicate samples of fabric swatches
washed once or ten times (in either color or oxi detergent)
were also submitted to the TCLP test. The extraction fluid
was prepared by adding 5.7 mL of glacial acetic acid to 500
mL of deionized water. Then, 64.3 mL of 1 N NaOH was
added and diluted to a volume of 1 L. The pH was 4.93 ±
0.05. As called for by the standard TCLP leaching test, the
solid-to-liquid ratio was fixed at approximately 1 : 20 by mass,
which equated to 1 g of fabric in 20 mL of extraction fluid.
The sample was rotated end-over-end at 40 ± 2 rpm and 23 ±
2 °C for a period of 18 h. The speed of rotation was adapted
to equal that of the washing test since the same end-over-end
rotation device was used for both protocols. The fabrics were
removed from the extraction fluid, dried and saved for aqua
regia digestion to determine the amount of total metal
remaining on the fabric. An aliquot of the extraction fluid
was processed through a 10 kDa cutoff ultracentrifugal filter
and another aliquot was saved for total metal analysis. Both
were acidified to 2% HNO3 for further analysis by ICP-MS.

2.5 Metal (NP) content on fabrics

The total metal content in the fabrics was obtained by aqua
regia digestion of both Ag- and Au-treated fabrics. The total
metal content (Ag and Au) in untreated (blank), treated (un-
washed) and experimental (washed and/or exposed to leach-
ate) PES fabrics was quantified by ICP-MS after microwave di-
gestion with aqua regia. When analyzing the Ag-treated
fabrics, the total metal concentration was kept in the range
of 50 to 250 μg L−1 to minimize Ag precipitation. With Au-
treated fabrics, digests were further diluted in the range of 5
to 50 μg L−1 to avoid carryover of Au between samples.

2.6 Stability of particles in TCLP solution

In addition to determining the total amount of metal that
leached from the fabrics during the TCLP test, we deter-
mined the stability of these particles in the leachate solution
in terms of both the leachate matrix and the test conditions
(i.e. end-over-end rotation). Both Ag and Au NPs (60 nm) were
used to investigate possible aggregation and settling of parti-
cles under several test conditions. Solutions of 500 μg L−1 60
nm Au particles and (separately) 200 μg L−1 60 nm Ag parti-
cles in DI H2O or TCLP extraction fluid were suspended in
plastic containers to monitor the total metal concentration in
solution for 18 hours while solutions were either resting on
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the bench top, moderately stirred, or rotated (i.e. end-over-
end rotation as in the TCLP test). The matrix of experiments
was further expanded to include each of these variants with
the addition of 2% surfactant (sodium dodecyl sulfate, SDS)
to further promote stability under test conditions, which
could be used as a “best case scenario” for further particle
stability. Finally, a dissolved indium (In) internal standard of
300 μg L−1 was used throughout to monitor general metal sta-
bility in the solutions over the experimental regime. Sam-
pling time points consisted of 0, 4, 8 and 18 hours in which
the solutions were sampled from the top of the experimental
container and acidified to 2% HNO3 for total metals analysis
by ICP-MS.

After 18 hours, the samples were disposed of and the sam-
ple containers were washed with a high concentration of acid
for metal recovery. For silver solutions, a 20 mL mixture of
10% HNO3 and 1% H2O2 was added to the empty experimen-
tal containers and shaken for 24 hours, with subsequent ICP-
MS analysis to determine the amount of metal sorbed to the
vessel walls. For Au-containing experiments, 10% HCl was
used.

2.7 Zeta potential analysis

The zeta potential of 60 nm Au NPs (3 mg L−1) in DI water
and TCLP solutions (standing and shaking) were measured
on a Malvern Zetasizer instrument at time points of 0, 1, 2, 4
and 8 hours. At each time point, triplicate measurements
were obtained, each consisting of 100 sub-runs to evaluate
the zeta potential. An average of the three main measure-
ments with the standard deviation representing triplicate
measurements is reported.

3 Results
3.1 Metal release from textiles during laundering
and TCLP test

Total Ag and Au contents in impregnated PES fabrics before
and after wash were assessed by aqua regia digestion and
subsequent ICP-MS analysis (Fig. 1). The Ag and Au concen-
trations were obtained from washing and TCLP exposure of
the samples in triplicate. Because the initial NP loading var-
ied between textile treatments, a more direct way to observe
trends across particle types is to assess the relative percent of
metal remaining on the fabric compared to the unwashed
samples (Fig. 2; A–C). Oxi washing detergents (blue bars) re-
leased a higher amount of metal than color detergents (or-
ange bars) across all NP inclusions. Likewise, fabric swatches
subjected to 10 wash cycles (darker shaded bars of each
color) released more metal than those which underwent a
single wash, especially Ag-embedded fabrics washed in oxi
detergent. Nevertheless, some differences between the
washed fabrics can be found depending on the NP inclusion.
The 60 nm Ag NP fabric released more metal into the wash
solution under every experimental condition compared to the
100 nm Ag fabric. This suggests the size preference for the re-
lease of smaller particles. Statistical analysis was performed

through a two-way ANOVA test considering all variables,
which indicated that both particle size and washing treat-
ment significantly (p ⋘ 0.05) affected Ag release from the
textiles, where 60 nm Ag fabrics released more metal than
100 nm variants, color washes released less Ag than oxi
washes, and washing multiple times released more Ag than
washing once. Additional one-way ANOVA tests comparing in-
dividual treatments between the 60 nm and 100 nm Ag treat-
ments (e.g. both fabrics washed under the same conditions)

Fig. 1 Total metal analysis from fabric digests for 100 nm Ag-treated
fabric (panel A), 60 nm Ag-treated fabric (panel B) and 60 nm Au-
treated fabric (panel C). Green bars are indicative of fabrics that did
not undergo a washing procedure, with the unwashed (raw) fabric
sample and the TCLP test only in light and dark green bars, respec-
tively. Purple bars indicate the total metal in fabrics that were only
washed once (light purple) or 10 times (dark purple). Red bars depict
fabric samples which were first washed then exposed to the TCLP test,
with one wash indicated by light red bars and 10 washes by dark red
bars. Samples washed with color detergents are in the center group
while fabrics washed with oxi detergents are in the right group.
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also revealed a significant difference in Ag release between
the two NP sizes (p < 0.05).

In many cases, the 60 nm Au fabric released the least
amount of metal under a given set of washing conditions. Be-
cause Au is an inert metal, the loss of these particles from the
fabrics represents (1) the portion of particles which were not
strongly physically attached to the textile surface during
manufacturing and/or (2) the fraction of metal which was re-
leased due to the mechanical/physical stress from washing
the fabrics. Since Ag undergoes additional chemical reactions
which can significantly enhance possible release, namely the
oxidative dissolution of the particles, it is reasonable to find
that these textile treatments release more metal, especially un-
der oxidative conditions, compared to the inert tracer material.
The preferential chemical release of Ag compared to the physi-
cal release of Au during washing is depicted in Fig. 3A, where
the ratio of Ag/Au release of Ag textiles washed in a given
detergent/cycle number, which is related to the amount of Au
released from the textiles, is indicated by the green and orange
symbols for 60 nm Ag and 100 nm Ag NP inclusions, respec-
tively. A ratio higher than one indicates preferential release of
Ag over Au. The unit for comparison was mg of metal released
per kg of fabric. Here, it becomes more evident that smaller
Ag particles are always released from the fabric in higher
concentrations than the larger Ag particles and additional
washes in the oxi detergent release more Ag than Au.

Additional Ag and Au were released from many textile vari-
ants during the simulated landfill leachate test (Fig. 2, panels
D–F). Depending on the particle inclusion, the TCLP test re-
moved between 10 and 30% of metal from the unwashed tex-
tiles (green bars). The percentages of metal remaining on the
fabrics after the TCLP test for all variants that also included
a washing step were directly compared to the corresponding

washed only samples. For example, the amount of metal
remaining on the textile after the washing step (Fig. 2, panels
A–C) was taken to be the total possible metal for release in
the TCLP step (Fig. 2, panels D–F), i.e. if no metal was re-
leased during the TCLP test, the total value would be 100%.
Therefore, the total amount of metal released from one full
exposure (washing then TCLP) must be assessed as a combi-
nation of the top and bottom rows of Fig. 2. Again, we find
that Ag from 60 nm doped fabrics is released in higher con-
centrations than that from the 100 nm counterparts. In these
experimental sets, a slightly higher amount of metal was re-
leased for fabrics first washed in the color detergents as op-
posed to those washed in the oxi variants, where the highest
amount of metal was released in those sets that underwent
only one wash. This suggests that the fraction of material
which remains on the textiles that were exposed to harsher
washing conditions (i.e. increased washing replicates and/or
oxi washing detergent) is less likely to be released during the
TCLP test. In these instances, the washing conditions pro-
moted a higher likelihood of metallic release from the textiles
than when the textile reached the EoL phase in the landfill.
In short, under these conditions, the use phase of the life cy-
cle appears to be responsible for the higher metal release
rather than the disposal phase. Comparing the relative Ag re-
lease to the Au release upon TCLP test exposure (Fig. 3B), we
find that the Ag fabrics that were first washed in the oxi de-
tergent subsequently release more Ag into the TCLP solution
than the corresponding Au fabric variants.

3.2 Characteristics of metal released to TCLP solution

Total metal concentrations and the dissolved fraction of
metal after ultrafiltration in the TCLP leaching solution were

Fig. 2 Relative percentages of metal remaining on each fabric after washing in comparison to the unwashed fabrics are displayed in panels A–C
(100 nm Ag fabric, 60 nm Ag fabric and 60 nm Au fabric). Fabric swatches washed with color detergents are indicated in orange while those
washed with oxi variants are shown in blue. In both cases, the lighter shade indicates one washing cycle and the darker shade indicates 10 washing
cycles. Results of the percent of metal remaining on the fabric after the simulated landfill leachate test (TCLP) are shown in panels D–F in compari-
son to the corresponding treatment before the TCLP test. Note that the scale on the lower graphs exceeds 100.
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analyzed for all samples (Table S1‡). When translated into
the amount of metal leached from the fabric under each ex-
perimental variant, the highest amount of metal leached
from the unwashed fabrics and a significantly lower amount
leached from the pre-washed fabrics (Fig. 4). When un-

washed textiles were directly exposed to the TCLP extraction
fluid, nearly all of the metal detected in solution from either
100 nm Ag or 60 nm Au doped fabrics was particulate
(Fig. 4A) but the 60 nm Ag textiles were of mixed characteris-
tics (i.e. dissolved and particulate metal was detected in solu-
tion). Additionally, Ag fabrics which were first washed had a
much higher variability in the released material measured in
the TCLP solution, where between 20–50% of Ag passed
through the centrifugal ultrafilter (Fig. 4, panels B and C). In
all cases, the fabrics released less than 2 mg kg−1 metal into
the TCLP solution and in most cases the amount released
was less than 0.5 mg kg−1. The amount of metal measured in
the TCLP solution can be further linked to the total metal
remaining on the fabric after the initial washing step (Fig. 5).
In this context, a significant fraction of metal was released
from fabrics which were not washed first (green bars), but a
much lower amount of material was extracted from the TCLP
solution from fabrics which had first underwent any type of
washing procedure. Therefore, in both absolute and relative
terms, the amount of metal recovered during the simulated
landfill test is small, especially when compared to the release
of metal from the unwashed textiles. This further indicates
the necessity of life-cycle aging sequences to properly assess
the likelihood and characteristics of material released from
nano-enhanced textiles.

3.3 Stability of NPs in DI H2O and TCLP extraction fluid

The inconsistency between the percentage of metal released
from the fabrics during the leaching test (Fig. 2, panels D–F)
and the amount recovered from the TCLP solution (Fig. 4)
points to the (in)stability of the particles themselves in the
TCLP solution. We therefore further investigated this aspect
of particle stability in the TCLP solution (Fig. 6). The total re-
coverable Ag is higher in the DI H2O variants under all condi-
tions except shaking without the SDS surfactant (panel A)
than in the experiments in the TCLP extraction fluid without
an additional surfactant (panel B). Here, while the addition
of SDS appears to stabilize the particles in terms of total re-
covery from the solution, when no SDS is added, the particles
have an enhanced probability of sticking to the experimental

Fig. 3 Ratio analysis of preferential chemical release of Ag compared
to mechanical release of Au with (A) washing only conditions and (B)
washing with subsequent TCLP exposure. The yellow line at one
represents the release of Au from fabrics under each corresponding
experimental condition. Green triangles represent fabrics containing
60 nm Ag NPs and orange dots indicate 100 nm AgNP fabrics (light
and dark colors indicating washing only conditions and sequential
exposure, respectively, in panels A and B). Error bars represent
propagation of error of triplicate measurements of Ag and Au nano-
enhanced fabric washes.

Fig. 4 Concentration of metal released into the TCLP extraction fluid based on fabric weight. (A) Unwashed fabrics (where the x-axis corresponds
to fabric type) and washed fabrics: (B) 100 nm Ag fabrics, (C) 60 nm Ag fabrics and (D) 60 nm Au fabrics (where the x-axis corresponds to washing
treatment). Solid portions of bars represent particulate matter with hashed sections indicating dissolved metal. Unwashed fabrics are indicated in
green, washed with color detergents in orange and washed with oxi detergents in blue, with ten washes in darker variants.
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container wall, especially with additional agitation (e.g. panel
B, stirring or shaking, medium orange or dark orange traces,
respectively). Notably, the same overall trends can be ob-
served when studying the AuNPs despite the different particle
chemistries. Again, in these experimental sets, more than
90% of the total Au is recoverable from the DI H2O experi-
ments under all conditions (panel C), whereas a drastic de-
crease in Au recovery is found with AuNPs suspended in the
TCLP extraction liquid when additional agitation is applied
without the presence of a surfactant (panel D). In short, for
both Ag and AuNPs spiked into the TCLP solutions
containing no surfactant, the particle stability was severely
decreased in a short amount of time upon any agitation to
the system.

Furthermore, the form of agitation promoted various de-
grees of instability, where bottles which were allowed to
stand on the bench top appeared to have the best stability,
followed by stirring and finally shaking (the conditions under

which the tests with the fabrics were performed). Because the
ionic In internal standard concentrations remained stable be-
tween the measurements at time 0 and 18 h (see Table S2‡),
a particle aggregation and/or sticking effect is seemingly at
play. When the experimental containers were rinsed with acid
to recover the metal that adhered to the container wall, a sig-
nificant fraction was recovered from systems where particle
recovery from the solution was the lowest (Table S2‡).

4 Discussion

Two phases of the product life cycle were examined in this
suite of experiments: the use phase and the disposal phase.
By examining the washing of textiles under various condi-
tions, we can begin to understand the range of concentra-
tions of particles that will be released from nano-enhanced
fabrics under conditions that increasingly represent normal
use. By continuing the life-cycle thinking and performing

Fig. 5 Percentage of metal released to TCLP solutions after initial washing steps for (A) 100 nm Ag-treated fabric, (B) 60 nm Ag-treated fabric and
(C) 60 nm Au-treated fabric. Solid portions of bars represent particulate matter with hashed sections indicating dissolved metal. Unwashed fabrics
are indicated in green, washed with color detergents in orange and washed with oxi detergents in blue, with ten washes in darker variants.

Fig. 6 Stability of 60 nm Ag (panels A and B; initial concentration 200 mg L−1) and 60 nm Au (panels C and D; initial concentration 500 mg L−1)
NPs in DI H2O or TCLP extraction fluid under different physical aging conditions (standing, stirring, shaking) with or without the addition of
surfactant (SDS) as a stabilizing agent. Error bars indicate the standard deviation of triplicate experiments.
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sequential exposure of the fabrics to simulated landfilling,
we can suggest approximations of release from this environ-
mental compartment. The study of both scenarios works in
tandem to create a more holistic picture of the behavior of
metallic NPs incorporated into textiles and the release pro-
files they may undergo over time. Nevertheless, the trends
suggested by this study cannot be applied to all particulate
incorporations in textiles. For example, we have shown in
this manuscript that Ag and Au NPs behave quite differently
with respect to release under the same conditions, and so the
incorporation of e.g. TiO2 into a textile or variously capped/
coated Ag or Au NPs could have different release profiles that
deviate from the trends we found here. Additionally, specific
consumer use patterns will influence how much metal is re-
leased in which of the life cycle phases.

4.1 Textile use phase

As suggested from our previous work involving various deter-
gents and their effect(s) on NP transformations,22 the oxi
wash releases more metal than the color wash, and more
washes equals more release. Given that the release ratios (Ag/
Au NP release, e.g. Fig. 3) exhibit higher releases for Ag under
many conditions, this indicates that some chemical interac-
tions are more important than physical (mechanical) wash-
ing. This is also supported by the stronger chemicals (i.e. oxi
detergent) causing a larger release of metal upon washing the
fabric, especially upon multiple washes (up to 3 times higher
release).

Nevertheless, in nearly half of the experimental sets, sig-
nificant additional Ag release was not observed suggesting
that particles are released by (1) a set proportion of NPs not
being well bound to the fabric surface in the first place, in
which case the textile manufacture process could be im-
proved, or 2) mechanical stress during washing. These factors
are difficult to separate definitively in this series of studies,
but by comparing different formulations of chemical binders
and/or methods of NP incorporation into textiles and
assessing releases after washing, we could better correlate the
materials science of textile engineering with environmental
releases. Chemical treatment of fabrics using AgNPs can be
employed ex situ or in situ. The ex situ approach (securing
previously prepared AgNPs onto the fabric) is facilitated by
the readily available AgNPs on the market but many ex situ
treatments lack durability. The influence of AgNP formula-
tion and incorporation into the fabric can have a large effect
on the morphological, antimicrobial, durability and physical
properties of the fabrics.9 In this project, we chose only one
industry-standard blocked linear isocyanate binder and
treated the surface of the PES fabric with pre-formed NPs,
resulting in an average release of 24% across all experimental
conditions. We can then compare the durability of fabrics in
this experiment to that observed in other studies that washed
fabrics with known details of silver application and incorpo-
ration methods (i.e. no commercially purchased fabrics)
(Table 1). While not intended as an exhaustive review, a sum-

mary of some AgNP textile formulations and the general du-
rability that the authors described during washing provides
some context to these present washing studies. There were
many more examples of fabrics synthesized under different
conditions, but full investigation into the durability of the
fabrics in terms of the percentage of Ag released during each
wash was often lacking from the reports.

From this summary, a few relevant points can be brought
to the readers' attention: (1) more silver is released in the
first few washing cycles compared to the latter washing
cycles,30–33 (2) metal release drastically varies between the
fabrics produced, (3) no clear trend emerged for textiles
which released more or less metal when considering the fab-
ric material, binder composition, incorporation method, or
other metrics we recorded and (4) despite the large release of
metal, those studies which took into account the antimicro-
bial efficiency of the fabrics after washing did not note a sig-
nificant difference in efficacy despite the lack of NP treat-
ment durability, indicating that only a small amount of
material is needed to produced the desired effects.

4.2 Textile disposal phase

Total metal analysis detected a lower amount of metal in the
TCLP liquid than would be suggested by the results from the
fabric digest, but this can be explained by the particle insta-
bility in the solution itself. The discrepancy between the loss
from the textile and the detection in the TCLP liquid is likely
caused by NPs (both Ag and Au) adhering to the experimental
container walls under TCLP conditions. With a pH of 4.9, the
acid groups of the citrate coating are still mainly
deprotonated, so the charge on the particle surface should
still be negative. However, there is potential that the acetate
in the TCLP solution exchanges the citrate on the NP surface
and thus the particles are less stable. Measurements of the
zeta potential in the TCLP solution using the 60 nm citrate-
capped Au NPs do suggest that these charge differences cause
some instability (Fig. S1‡), where the initial zeta potential of
the NPs in DI water was −43 mV, but upon initial suspension
in the TCLP extract, the zeta potential immediately decreased
to −25 mV, with further reduction of charge over time to
about −10 mV. The instability of charge can cause sorption to
the container walls and this sorptive tendency is expedited
when the solution is under additional physical movement
(e.g. shaking as opposed to stirring) because there is an in-
creased likelihood that NPs will come into contact with the
container.

The sorption of nanomaterials to the laboratory plastic
during testing has been studied before,36,37 and a combina-
tion of particle size, particle concentration, particle surface
functionality, test vessel surface properties and exposure me-
dia all played a role in the significance of the sorbed fraction
of NPs. Therefore, because of the propensity of the nano-
material to adsorb to container walls, the amount of metal re-
leased from the textiles is most reliable when determined by
fabric digestion, rather than by ICP-MS measurements in the
TCLP solution, at least under these test conditions.
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It should be noted that this control experiment was ini-
tially performed because we found it impossible to measure
the amount of individual particles in solution using the sin-
gle particle (sp)ICP-MS method38,39 in the TCLP solution. Ini-
tially, we envisioned relaying additional information about
(potential) particle size changes in the TCLP solution after
they were released from the laboratory-prepared textiles, yet
because of the instability of particles in solution and the
sorption to the container walls, this was not possible. In pre-
vious studies, we successfully froze solutions at given time
points (either entirely or diluted) to be later analyzed by
spICP-MS,22,40 but the matrix and/or sorption of the unstable
particles did not promote good recovery even in our spICP-MS
control experiments. This reiterates the importance of two
key factors when studying nanomaterials in a slew of differ-
ent environmental or ecotoxicity experimental regimes: (1)
relevant control experiments should be included whenever
new types of NPs or test vessels are used to define the extent
of sorption and (2) method validation (in this case, of spICP-MS)
needs to be continued for each new matrix and/or variant
in the experimental protocol to ensure that one under-
stands the properties which are actually being measured in
the test system.

The particle stability experiments in the test media sug-
gest that NPs do not remain suspended in solution without
the addition of a surfactant – so under landfill conditions,
NPs may not be readily mobile either. Much more metal was
recovered in the TCLP solution from exposing the fabrics
which were not washed compared to fabrics which had un-
dergone a laundering step, which further proves the necessity
of life-cycle aging sequences to properly assess the likelihood
and characteristics of material released from nano-enhanced
textiles.

Conclusions

In the scope of the environmental science and toxicology lit-
erature, the release of NPs from textiles generally takes an en-
vironmental focus (e.g. NP transformations, risk, fate, etc.).
However, better understanding of the properties of the mate-
rials for a discussion of the NP fastness for different AgNP in-
corporations and relative release rates, especially upon multi-
ple washings, is called for. Of course, the releases (and
effectiveness) can vary greatly depending on how the fabrics
are produced; yet surprisingly, this is a topic that is largely
missing from the environmental literature. By fabricating tex-
tiles using known production methods and with particles of
known size and then subjecting them to various washing con-
ditions, the factors that most affect particle release can be
parsed out. However, because of the instability of the NPs in
the test solution (especially in the TCLP liquid), direct mea-
surement of the fabric swatches by digestion was found to be
the most dependable way to assess the total amount of mate-
rial removed from the fabric during the different aging tests.

Based on the TCLP test, NPs will likely not be readily mo-
bilized in the solution as particles due to the depressed zeta

potential. Thus, we would only expect to see a small release
from the fabrics under these circumstances and, if/when this
fraction of material were to be released, it may not be very
mobile through a reactive landfill. Generally, under these ex-
perimental conditions, the use phase of the life cycle appears
to be responsible for the higher metal release rather than the
disposal phase. However, we also need to consider the release
kinetics – the TCLP test just tests the short-term (about 1
day) release, whereas in landfills, many decades are available
for release. The washed textiles released a significant portion
of the Ag in the dissolved form and we could expect that, un-
der prolonged landfill conditions, the dissolution of Ag in-
side the coating and release as dissolved Ag become even
more important over longer timescales.

Furthermore, by monitoring the fabrics through their life
cycle and simulating the landfilling of already washed fab-
rics, we can better estimate the true risk of further transpor-
tation of nanomaterials originating from fabrics into various
environmental compartments. This can be shown especially
well by the TCLP test, where fabrics that were not laundered
first released a much higher proportion of metal during the
experimental regime than their laundered counterparts.
Therefore, by monitoring the sequential aging which matches
with actual product use patterns, we can better estimate a
more realistic release of NPs through each phase of the prod-
uct life cycle. We can further make a link between these ex-
perimental results and the current materials flow modeling
scheme which depicts landfills as a final sink,4,8 i.e. no fur-
ther transport to other technical or environmental compart-
ments after entering the landfill. From the results garnered
from this study, we can say with more certainty that the re-
lease of NPs from landfills into the environment due to dis-
posal of nano-enabled textiles is likely small since the parti-
cles are unstable in landfill leachates.
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