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ABSTRACT: A cradle-to-grave life cycle assessment (LCA) is performed to compare
nanosilver T-shirts with conventional T-shirts with and without biocidal treatment. For
nanosilver production and textile incorporation, we investigate two processes: flame
spray pyrolysis (FSP) and plasma polymerization with silver co-sputtering (PlaSpu).
Prospective environmental impacts due to increased nanosilver T-shirt commercializa-
tion are estimated with six scenarios. Results show significant differences in environ-
mental burdens between nanoparticle production technologies: The “cradle-to-gate”
climate footprint of the production of a nanosilver T-shirt is 2.70 kg of CO,-equiv
(FSP) and 7.67—166 kg of CO,-equiv (PlaSpu, varying maturity stages). Production of
conventional T-shirts with and without the biocide triclosan has emissions of 2.55 kg of
CO,-equiv (contribution from triclosan insignificant). Consumer behavior consider-
ably affects the environmental impacts during the use phase. Lower washing frequen-
cies can compensate for the increased climate footprint of FSP nanosilver T-shirt
production. The toxic releases from washing and disposal in the life cycle of T-shirts appear to be of minor relevance. By contrast, the
production phase may be rather significant due to toxic silver emissions at the mining site if high silver quantities are required.
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B INTRODUCTION stage,’ "' while a few also include the use phase.'”””** None of
these studies account for future developments in nanotechnol-
ogy, although it is a quickly evolving technology. Moreover,
except for the semiquantitative approach of Canis et al,'" these
studies do not include the nanospecific environmental effects of
potentially released nanomaterials, but focus on energy and
material use during their production.

The objective of this Article is to compare the environmental
benefits and impacts of nanosilver T-shirts with conventional
T-shirts and T-shirts treated with triclosan, a commonly applied
biocide to prevent textiles from emitting undesirable odors."
The environmental performance of two production technologies
is investigated: (i) commercialized flame spray pyrolysis (FSP)
with melt-spun incorporation of silver nanoparticles and (ii)
plasma polymerization with silver cosputtering (hereafter abbre-
viated as PlaSpu) on the laboratory, pilot, and an estimated
commercial scale. Second, the environmental impacts of con-
ventional, nanosilver, and triclosan T-shirts are compared, with
respect to the production, use, and disposal phase. Finally, we

Nanotechnology is considered a major means of assisting
environmental protection, avoiding increasing health care ex-
penses, improving medical treatments, as well as coping with
energy and resource limitations." However, emissions of nano-
particles may also be associated with environmental risks and
adverse health effects. Therefore, it has been suggested that
prospective environmental assessments should be performed to
evaluate the potential merits and shortcomings of nanoproducts
in an early stage of their development.” In this study, we focus on
nanosilver, which is widely applied worldwide, with the majority
of applications in textiles.” As compared to bulk silver, nanosilver
has a higher antimicrobial efficacy because of (i) its large and
highly reactive specific surface area and (ii) its higher dissolution
rate.* Even though potentially nanoscale colloidal silver has been
widely applied in the last decades,” the growing number of
products containing engineered nanosilver calls for comprehen-
sive as well as prospective environmental assessments.

Life cycle assessment (LCA) has been proposed to be a key to
such comprehensive environmental assessments.” LCA is an

established tool for identifying environmental “hot spots” and Received:  January 12,2011
for comparing products that provide the same services. However, Accepted:  April 11,2011
there are little published inventory data of nanomaterials and Revised:  April 8,2011
nanoenabled products.6 Most studies focus on the production Published:  April 20, 2011
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Figure 1. (a) System boundaries; dashed boxes: activities not affected by nanotechnology and modeled equivalently in all analyses of this Article. (b)

Adapted six-step procedure of the scenario construction.'®

apply an adapted formative scenario analysis (FSA)'® to assess
the environmental performance of nanosilver T-shirts consider-
ing both quantitative and qualitative future developments.

B METHOD

Description of the Analyzed System and Life Cycle In-
ventory Analysis. Figure 1a shows the system boundaries for the
comparison of the life cycle of conventional T-shirts and T-shirts
that are treated with nanoparticles or triclosan. The first nano-
particle production setting is based on the FSP technology'” with
a current capacity of 500 kg/year (Nanograde GmbH Zurich).
The FSP process was analyzed for pure nanosilver and for
nanosized silver-tricalciumphosphate particles (nanoAg-TCP),
both of which may be applied to textiles. A metal precursor (silver
octanoate) is sprayed into a solvent-methane-oxygen flame. For
nanoAg-TCP, precursors for tricalcium phosphate (TCP) are
added to the process. The nanoparticles are then formed above
the flame. Nanosilver settles on top of TCP and aggregates to
nanoAg-TCP. The engineered nanoparticles are then collected
from a filter. The nanoparticles in this case are introduced to fiber
spinning via the addition of polymer masterbatch granules to the
bulk fiber polymer during spinning in a hot-melt process
followed by knit."® The second production setting is the PlaSpu
process™ on a laboratory and pilot scale at the Swiss Federal
Laboratory for Materials Testing and Research (EMPA) in St.
Gallen and on an estimated commercialized scale using expert
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opinion and conceptual drawings.”® The PlaSpu process uses a
low-pressure plasma system to obtain a nanosilver coating.
Nanoparticles are sputtered from a silver target and then
embedded in a polymer matrix, which is applied to polyester
fabric. Both nanosilver production settings including material
conversion efficiencies, and yields are described in detail in the
Supporting Information S1.

One T-shirt (1.56 m* textile, 130 g) is assessed over all life
cycle stages (Figure la). The commercialized antibacterial
T-shirts were assumed to contain either 31 mg of pure nanosilver,
47 mg of nanoAg-TCP (0.93 mg of pure nanosilver), or 22 mg of
triclosan (Supporting Information Table S20 and Figure SS).
Also, higher biocidal concentrations were assessed: 3.7 g for
triclosan T-shirts, and 2.6 g for nanosilver T-shirts, representing
average values in the development stage of these products.

Background life cycle inventory (LCI) data were taken from
the ecoinvent database (v2.2)*" whenever possible. If not avail-
able in ecoinvent, the LCI was established using data from
technical handbooks, literature sources describing best available
production technologies, or calculated with a chemical engineer-
ing approach (Supporting Information S1). New LCI unit
processes were established for silver octanoate, tributylpho-
sphate, n-butyraldehyde, and 2-ethylhexanoic acid (Supporting
Information S1). The European UCTE mix was taken for
electricity production. The energy use of triclosan production
was estimated with the tool FineChem.* Distillation processes
for waste solvents were assessed with the Ecosolvent tool.”® Any

dx.doi.org/10.1021/es2001248 |Environ. Sci. Technol. 2011, 45, 4570-4578
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Table 2. Main Contributors to the Climate Footprint from the Production of Nanosilver Coating for One T-Shirt”

kg of CO,-equiv

ESP with

incorporation into

fibers (meltspinning) nano Ag-TCP nanosilver

incorporation process 147 x 107" 147 x 107"
electricity UCTE 537 x 10> 535% 102
particle production process 2.06 x 10 136 x107°
2-ethylhexanoic acid 7.66 x 10°* 5.05%x10°*
tributylphosphate 7.51x 10°*

oxygen, liquid 642x 107* 423x107*
xylene 483x107* 3.19x10°*
silver octanoate 1.06 x 10* 349 x 1077
total climate footprint 021 0.20

kg of CO,-equiv

PlaSpu at different commercialized
maturity stages laboratory pilot (expert opinion)

electricity, UCTE 153 8.80 0.111

silver 4.67 6.05 5.03

coating process 2.52 0.215 0

argon 2.16 0.008 243 %1077

carbon dioxide 135 0.132 140 x 10°°

ethylene 0.38 0.024 7.62x 1077

transport 0.21 0.004 2.00 X 1077

164.0 15.24 5.14

“PlaSpu coating, 50 nm thick; nanosilver, 0.031 g; FSP coating, 5 #m thick; nanosilver, 0.031 g; nanoAg-TCP, 0.047 g.

remaining solvent mixture was assumed to be disposed by
incineration, and the environmental impacts were calculated
with the approach of Seyler et al.**

For the use phase, 100 washings were considered. LCI data for
the use phase include water and energy use and emissions,”>°
washing powder,”” and material for washing and tumbling ma-
chines. The amount and form of silver released from PlaSpu
T-shirts are reported in ref 28. Because of their similar size and
shape, it is assumed that FSP T-shirts release silver to similar
fractions in particulate and ionic form as PlaSpu T-shirts. Total
release rates of 67% and 1.5% were estimated for silver and
triclosan, respectively.”® >° The fate of silver and triclosan in the
wastewater treatment plant (WWTP) was modeled with the
software tool of Struijs et al.*' (Supporting Information Table
$16/21). For the uncertain fate parameters, such as WWTP
efficiency or bioavailability for instance, conservative removal rates
were used. Disposal routes are assumed to be the same for all
T-shirts (5% recycling, 95% incineration).>>** While triclosan will
be destroyed when the T-shirt is disposed of in an incineration
plant, the behavior of nanoparticles during waste incineration is
unknown.”* We assumed that 0.002% will be released into the air.*®
Detailed LCI data are found in Supporting Information S4 and S9.

Sensitivity and Uncertainty Analysis. Sensitivities were
assessed by varying single parameter values, such as biocidal
concentrations, different precursor production technologies, and
altering assumptions of consumer behavior, within realistic value
ranges. Uncertainty analysis was carried out using the pedigree
approach®® with a subsequent Monte Carlo Analysis (Supporting
Information S8).

Life Cycle Impact Assessment (LCIA). LCIA results are
shown for the analyzed products in terms of climate footprint
(Global Warming Potential IPCC 2001, 100 yr, v1.02*”) and sea-
and freshwater toxicity®® (for additional LCIA results, such as
nonrenewable cumulative energy demand; see Supporting In-
formation Table $S23). Characterization factors for waterborne
emissions were calculated with USES-LCA*® (Supporting In-
formation S9) and expressed as 1,4-dichlorobenzene-equivalents
(1,4-DCB-equiv), according to the USES-LCA methodology.
Only the dissolved fraction of silver releases from the wastewater
treatment plant was considered as bioavailable and assessed in
the LCIA (Supporting Information S9).

Scenario Construction. In a prospective LCA, we estimate
the future environmental impacts using scenarios with the

functional unit “being dressed with a biocidal polyester T-shirt
for outdoor activities during one year in Switzerland (wearing it
once a week)”. Variability in consumer habits due to different
environmental awareness, technological changes, and market
penetration of nanosilver textiles was considered.

The scenarios are developed and selected using a six-ste
procedure adapted from the formative scenario analysis (FSA),"
shown in Figure 1b. The time horizon of the scenarios is 2020,
and the represented area is Switzerland (8.1 million inhabitants).
The selection of impact variables and the assumed interactions
between them are based on a conceptual framework including
scenarios for nanotechnology developments in Switzerland.** An
impact variable is defined as a system element that influences the
system behavior or is influenced by other system elements.*
Each variable in a specific scenario has up to three possible future
states. Some of them are based on existing quantitative knowl-
edge and estimations (e.g., penetration of nanoparticle produc-
tion technologies, technical characteristics of washing machines,
consumer behavior), while others are harder to describe quanti-
tatively and therefore require a qualitative approach (e.g., patent
data, policies, regulations). Out of the pool of consistent
combinations of the impact variables’ future states,*' three
scenarios that are internally driven by nanotechnology, and its
market penetration were combined with three scenarios with
externally driven variations in environmental awareness. Possible
mutual interactions are explored in the Results section. The
variety of the impact variables’ characteristics in these scenarios
results in different environmental impacts due to different
technological, social, and economic developments assumed and
allows for exploring fields of improvement as well as critical
context conditions. Specifics of the scenarios are shown in Table 1
and Supporting Information S11—14. For each “nano”-scenario,
a baseline scenario “no nano” shows the difference from a future
without nanosilver clothes.

B RESULTS

Flame Spray Pyrolysis. The climate footprint of the produc-
tion of 1 kg of nanoAg-TCP is 120 kg of CO,-equiv (0.95
confidence interval (CI): 97.6—142 kg) and for nanosilver 213
kg of CO,-equiv/kg (0.95 CI: 189—241 kg). The climate
footprint is mainly driven by the production process itself and
precursor production, mainly the solvents (2-ethylhexanoic acid

4573 dx.doi.org/10.1021/es2001248 |Environ. Sci. Technol. 2011, 45, 4570-4578
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Figure 2. (a) Cradle-to-grave climate footprint of biocidal T-shirts and a regular T-shirt (100 washings). Error bars show the upper bound of the 95%

confidence interval for the results (Monte Carlo analysis of the inventory, see also Supporting Information S8; Commercialized =

Comm.).

(b) Sensitivity analysis of the use phase. The parameter values are listed below the graphic. (c) Annual climate footprint (GWP IPCC 2001, 100 yr) of the
scenarios with nanotechnology development on the bottom x-axis and changing environmental awareness on the top x-axis.
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95% confidence interval, representing the applied concentrations (Supporting Information Table S20 and Figure SS). (b) Freshwater toxicity for the life
cycle of one T-shirt, distinguished between concentrations applied to commercialized (comm) and products in the development stage (dev). Nanosilver

in the T-shirts is produced with FSP.

and xylene) and oxygen. However, the incorporation process of
nanosilver and nanoAg-TCP has a climate footprint 2 orders of
magnitude higher than nanoparticle production because of
additional polyester requirements and high electricity demand
for the coating (Table 2). Transportation in the supply chain
contributes less than 0.5% to the footprint (Supporting Informa-
tion SS). Silver mining and beneficiation has a much higher
specific climate footprint per kilogram in comparison to the other

4574

precursors, but due to the low amount required for use, the
influence on the results is small. For having the same antimicro-
bial effect, less nanosilver is required if aggregated with trical-
cium-phosphate when applied in the same way.** However, the
additional precursors for tricalcium-phosphate offset this reduc-
tion in terms of climate footprint.

Plasma Polymerization with Silver Co-sputtering. The
climate footprint of the PlaSpu process decreases with

dx.doi.org/10.1021/es2001248 |Environ. Sci. Technol. 2011, 45, 4570-4578
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technological development (Figure 2a), although silver require-
ments increase when upscaling from lab scale due to the new
production design. Electricity use is reduced from 288 kWh/T-
shirt (laboratory scale) to 17 kWh/T-shirt (pilot scale) and is
projected to improve to 0.21 kWh/T-shirt (commercial scale).*

Product Comparison. FSP and triclosan T-shirts are pro-
duced with a much smaller climate footprint than are PlaSpu
T-shirts. Distribution/sale and the disposal phase are of minor
importance in the life cycle of the T-shirt and could be further
lowered by reducing transport distances, avoiding air transport,
and increasing energy efficiency in retail outlets. The use phase
pollutes the environment most if commercial technologies are
used (Figure 2a). On the contrary, nanosilver T-shirts produced
with the noncommercialized PlaSpu technology have higher
climate change impacts during production than in use. Green-
house gas emissions show high sensitivities to washing load and
frequency and lower sensitivities to T-shirt lifetime and washing
temperature (Figure 2b). Of all tested parameters, a reduction or
abandonment of tumbling would reduce the climate footprint
the most.

Toxic Impacts of Nanosilver and Triclosan T-Shirts. Elim-
ination rates in wastewater treatment plants (WWTP) were
modeled to be 91% w/w and 12% w/w for silver and triclosan,
respectively, the former being slightly lower than literature
values of 95% w/w.>**> Silver in the effluent is either dissolved
(29% w/w) or associated (71% w/w),”" forming strong com-
plexes with ligands in water and consequentially losing its
aquatic toxicity.*® Despite the differences in release amounts
and elimination rates, the resulting toxic impact on freshwater is
similar for silver and triclosan (Figure 3a, further LCIA results in
Supporting Information S9 and S10). In contrast to freshwater
toxicity, the seawater toxicity impact for the nondegradable
silver is rather large in comparison to the slowly degradable
triclosan (Figure 3a). The better fixation of triclosan in the
textiles compared to nanosilver leads to a higher share of
triclosan ending up in waste incineration plants, where it is
expected to be destroyed completely. Both silver and triclosan
emissions are not relevant when the whole life cycle of the
conventional T-shirt is assessed (Figure 3b). While the silver
released from washing contributes less than 1% to the overall
freshwater toxicity of the nanosilver T-shirts, the production
phase shows high sensitivities to the applied silver mass. The
reason is that sulfidic tailings from silver mining may release
long-term toxic emissions to the aquatic compartment.47

Scenario Analysis. Environmental awareness influences the
climate footprint more than the market penetration of nanosilver
clothes. While the climate footprint ranges for the “low environ-
mental awareness” scenarios between approximately 300 and 435
ktons, it is between 50 and 70 ktons in the “high environmental
awareness” cases (see also Supporting Information Tables $24
and S25). Within all awareness categories, the annual climate
footprint for T-shirt use in Switzerland is lower in the nano than
in the non-nano scenarios (including triclosan treated polyester
T-shirts) because the additional burden of the nanosilver T-shirt
production process is compensated with lower washing fre-
quency (Figure 2c, Table 1). However, this is only the case for
the FSP technology. Additional analyses indicate that a nano-
silver T-shirt produced with commercial PlaSpu process will
never perform better than regular T-shirts in terms of climate
footprint, even if consumers decrease the impact of the use phase
by reducing washing temperature, or washing and tumbling less.

B DISCUSSION

LCA of Nanoenabled T-Shirts. To our knowledge, the
present study is the first to prospectively compare a nanoenabled
product with a conventional biocide-containing product and a
nontreated control product considering the complete life cycle.
The selected technology for functionalization of textiles with FSP
derived nanoparticles is environmentally and economically more
efficient than with PlaSpu. However, specific advantages such as
nanoscale polymeric layers with fine-tunable nanoparticle con-
centrations, currently not possible to produce with FSP and
meltspinning, may lead to a successful market penetration of the
PlaSpu technology in other markets, for example, for burn
dressings in the biomedical sector.*®* Moreover, reuse of the
remaining silver plate in other industrial applications would
allocate up to 39% of the impacts from the PlaSpu process to
other processes. Size reduction of the silver plate and optimiza-
tion of carbon dioxide input would lower the climate footprint
further.

Considering the complete life cycle of T-shirts, the use phase is
most important in terms of climate footprint when FSP-nano-
silver or triclosan applications are assessed. Improvement poten-
tials therefore lie in increased energy efficiency of washing and
drying technology and change in consumer behavior, in parti-
cular regarding loads and frequency. Only some of these changes
might be influenced by an enhanced market penetration of
nanosilver textiles.

Impact Assessment Methodology. While the climate foot-
print assessment is based on a well-established method, the
assessment of toxic impacts of nanosilver in the environmental
compartments is at an early research stage.*”** Hence, potential
nanospecific effects are typically not taken into account in LCA
studies so far. Regarding nanosilver emissions to water, environ-
mental concentrations depend on the applied concentration
during the polymer matrix fixation and on use and disposal of
the nanosilver polyester T-shirts. There was not enough data for
a distinction of silver release rates between different nanosilver
coatings. Furthermore, the aquatic toxicity of metals shows large
uncertainties because the bioavailability of the dissolved and
colloidally bound phases of metals is not distinguished by current
LCIA methods.”"** The bioavailable fraction of silver is influ-
enced by water chemistry,53 and it is most likely rather low in
natural waters due to the formation of sulfide complexes.>* As in
our study silver bioavailability was only considered for the
WWTP effluent, but not with regard to the environmental fate
further downstream, our estimation of the aquatic toxicity
potential is probably overestimated. Thus, the results of the
present study, which suggest that the aquatic toxicity potential of
the directly released silver is relatively low in comparison to the
aquatic toxicity over the entire life cycle of nanosilver T-shirts, are
rather robust. On the other hand, the LCA results do not negate
the need for further risk assessments, where absolute impacts are
considered. Another point for future considerations is the assess-
ment of degradation products, which are typically not assessed
within LCA. Concerning triclosan for instance, the more bioaccu-
mulative metabolite methyl-triclosan was not assessed.>

Further work is also needed for standardization of airborne
exposure, especially at workplaces.*® Exposure to nanoparticles
via inhalation could occur during FSP production® but most
likely not during the particle-textile incorporation process, which
takes place in a closed system.”” Exposure during PlaSpu is
unlikely as nanoparticles are produced and incorporated in a
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vacuum. Data on workplace exposure and chronic inhalation
toxicity of silver nanoparticles including potential nanospecific
effects are rather scarce (e.g., ref 58) and should be investigated
turther.

To further develop the LCA methodology for nanomaterials,
they should be characterized using the main properties that
determine their toxicity. For some substances, increased toxicity
has been demonstrated for the nanoparticle form,* which should
be considered in LCA studies. On the other hand, the primary
particle size distribution mode of emitted engineered nanoma-
terials may shift into the micro range due to agglomeration and
aggregation, and therefore nanomaterials may lose their nanos-
pecific toxic effects®®* if deagglomeration can be excluded.
Hence, appropriate metrics for inventory and impact assessment
need to be defined, for example, surface area, number concentra-
tion, and/or others. This would improve the linkage between
exposure and effects and would facilitate carrying out LCAs of
nanomaterials.

Scenario Outcomes. Although the scenarios only provide a
snapshot of possible future technological developments and
variability of environmental awareness, their spectrum gives a
reasonable insight to the range of potential environmental
impacts. It was shown that the general environmental aware-
ness of the public, concerning washing behavior, influences the
environmental impact of the T-shirt more than assumptions
about the future development and acceptance of nanosilver
T-shirts. More efficient washing technologies, using tumblers
less, and lowering the washing temperature with special deter-
gents would allow environmental impacts to be reduced
significantly. Increasing environmental awareness might also
result in a higher recycling rate of textiles and less turnover
because of longer-term trends in fashion. In addition to this, the
use of nanosilver T-shirts can decrease the climate footprint as
compared to conventional clothing. However, the added cli-
mate change impact during production is turned into a net
climate benefit over a T-shirts’ lifetime only if there is an
increased awareness of nanosilver’s biocidal functionality,
which was assumed to be the case in the scenarios assessed.
Whether such changes in washing behavior are a realistic
assumption remains an open question. Chemical treatment
could lead to reduced washing, which was not considered here,
because we assumed that manufacturers do not advertise
treatment of textiles with, for example, triclosan due to poten-
tial consumer concerns. Nevertheless, any applied biocide to
T-shirts will increase their ecotoxicity, which should be critically
compared to changes in other impact categories such as the
climate footprint.

Even though the “nano-scenarios” are modeled as indepen-
dent from the “environmental awareness scenarios”, there might
be a link between them. A high market penetration of nanosilver
clothes enhances the perception of their benefits, which may lead
to an overall reduction of washing frequency and temperature
and lowers the total climate footprint.

Added Value of LCA in Combination with Scenario Anal-
ysis. This study is one of the first that analyzes material and
energy inputs and environmental impacts such as climate foot-
print and toxicity over the whole life cycle of a nanoenabled
product in combination with future scenarios. It is suggested that
nanoenabled products should be compared to existing products
before commercialization to avoid additional environmental
burdens. The scenarios support the finding that in the use phase
a higher environmental awareness substantially lowers the CO,-

equiv emissions. The insights gained can help policy makers to
better consider the future development of the production and use
of nanosilver textiles, and industry to optimize processes and
products.
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