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Abstract The potential environmental impacts of
engineered nanomaterials (ENMs), and their engi-
neered nanoparticles (ENPs), have, in recent years,
been a cause of concern. Life-cycle assessment (LCA)
is a highly qualified tool to assess products and
systems and has an increasing extent been applied to
ENMs. However, still only 29 case studies on LCA of
ENMs have been published in journals and this article
investigates these studies. Generally, data on produc-
tion of ENMs as well as the coverage of the life cycle
are limited. In particular, within use and disposal
stages data are scarce due to many unknowns regard-
ing the potential release and fate of ENMS/ENPs to
and in the environment. This study investigates the
sensitivity of case studies with respect to ecotoxicity
impacts through a quantification of the potential
ecotoxicity impacts to algae, daphnia and fish as a
result of direct release of Ag and TiO, ENPs (mainly
<200 nm in nominal diameter size) from various
ENM products to the freshwater compartment. It was
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found that Ag and TiO, release, from 1 g Ag or TiO,
ENM product, poses up to ca. 3.5 orders of magnitude
higher ecotoxicity impact than the production of 1 g
polymer (PP, PE and PET average) or 1 Wh of grid
mix electricity from Scandinavia. ENMs from Ag had
higher ecotoxic impact than those from TiO, and there
was a linear regression between Ag ENM content in
the considered products and the potential ecotoxicity
impacts to the freshwater species, according to release
of total Ag during use (mainly washing).
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Introduction

Nanometer, the metric unit of length of a billion of a
metre (10™°), has created a terminology for technol-
ogies that operate at the nanometer scale ranging from
0.1to 1,000 nm, or I pm. Nanomaterials, also referred
to as nanoobjects, by ISO (2008) and SCENIHR
(2007), have been defined as materials with at least
one dimension of 1-100 nm. According to ISO
(2008), a nanoparticle needs to have all three dimen-
sions within the 1-100 nm range. Nanomaterials and
nanoparticles occur naturally in our surroundings as
e.g. soil or salt particles and humans can be exposed
to these on an everyday basis through air or food.
Naturally occurring, or unintentionally produced,
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nanomaterials are known in general to cause little
harm to humans (Buzea et al. 2007). Nanoparticles are
also produced by activities as e.g. combustion. These
anthropogenic particles have been an area of human
health research for many years and are known to cause
harm even though exact mechanisms are still being
explored (Oberdorster et al. 2007). Engineered nano-
particles’ (ENPs) behaviour and potential impact to
environment and humans are on the other hand to a
larger extent unknown (Buzea et al. 2007; IITB 2012).

Through the life cycle of engineered nanomaterials
(ENMs), i.e. from production of ENMs through their
use and final disposal, their environmental and health
impacts vary. A main cause of variation is the
environmental exposure as a result of release of ENPs.
This in turn depends on how ENMs are processed from
raw materials and incorporated into a nanoproduct
(commercial product containing ENMs) and how this
product is affected by the surroundings in its lifetime
(from use to disposal stage). The exposure is also a
function of how the ENPs behave in the environment,
prior to having an effect on biota and humans. To
include the whole life cycle, for comparison and
assessment of products and systems, life cycle
thinking has been introduced (Som et al. 2010;
Klopffer et al. 2007), and one holistic albeit rigorous
tool for that is Life-Cycle Assessment (LCA) (Fig. 1).

LCA of nanoproducts addresses all environmental
impacts, but even though different studies have
measured release from different products (e.g. Geranio
et al. 2009; Kiinninger et al. 2010; Lorenz et al. 2012;
Benn et al. 2010), there is currently no method
available to quantitatively assess the environmental

impacts deriving from ENM release. In chemicals risk
assessment (RA), it is possible to identify the (eco)
toxicological risk of a substance (provided the data are
available) through calculating, measuring or model-
ling the exposure concentration and relates this to the
effect concentrations observed in laboratory studies
(Olsen et al. 2001; Grieger et al. 2012). LCA on the
other hand is a relative impact assessment method
(ISO 2006). The object of the assessment is a defined
functional unit (quantified performance of a product
system) making comparison between product systems
possible but at the same time making it impossible to
make risk estimates. Furthermore, a wide range of
potential environmental impacts are taken into
account. In theory, LCA can be applied to nanoprod-
ucts, but in practice the potential impacts of ENPs
cannot be adequately assessed. A main challenge is
that the physico-chemical characteristics of ENPs are
not adequately understood in relation to environmen-
tal behaviour and effects, a challenge that is also faced
by RA (Bauer et al. 2008; Grieger et al. 2012;
Flemstrom et al. 2004).

Currently, a few reviews have been published on
LCA of ENM products (Gavankar et al. 2012; Hischier
and Walser 2012; Meyer et al. 2009; Upadhyayula
et al. 2012). They addressed some of the observed
barriers that need to be overcome in order to
strengthen LCAs of ENMs (in particular, adequate
and comprehensive life-cycle inventory data, espe-
cially for manufacturing and use, and the lack of data
for nanospecific fate, transport and toxicity effects).
Additionally, Grieger et al. (2012) reviewed the
complementary use of RA and LCA, concluding that
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Fig. 1 LCA framework and ENM release related impacts, based on USEtox ™ (2012)
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the approach is not mature for practical application but
holds the potential to improve environmental assess-
ment of ENMs. The reviews concluded that many
studies performed until now are quite limited in their
Life-Cycle Impact Assessment (LCIA). In comparison
to the already performed reviews, this paper empha-
sises gaps of LCAs of ENM products with a focus on
challenges for LCIA, mainly related to the potential
toxicological impacts resulting from release of ENPs
to freshwater.

Objectives of this paper

LCA of ENM products is still a rather new and
developing application area for LCA and in this article
we will review published scientific articles on LCAs of
ENM products and systems (defined with ‘nano’ term
as a prerequisite, not size). A particular focus is to
identify and explain the challenges for LCIA, mainly
those related to the ecotoxicological impact categories
and to ENP behaviour in the environment. The
potential release of ENPs and ENMs in the life cycle
is also addressed, since this is considered central in the
discussions of impacts from ENMs (e.g. Bauer et al.
2008). The main outcome of the review is an overview
of the possibilities and limitations of LCA within this
field, as well as of the challenges related to modelling
of ENP behaviour in the freshwater environment.
Finally, a sensitivity analysis is performed on Ag and
TiO, ENM products in order to estimate the potential
ecotoxicological impacts of ENPs on freshwater
species (algae, daphnia and fish)—an aspect that is
missing in current approaches of LCIA of ENMs.

Life-cycle impact assessment and life-cycle
assessment

LCA is a holistic, ISO 14040 series standardised, tool
able to assess the potential environmental impacts of a
product or a system throughout their entire life cycle
(ISO 2006). Impact categories assessed include local
(e.g. ecotoxicity), regional (e.g. acidification) and
global (e.g. climate change, resource use) impacts. In
LCIA, the impact potentials through the entire product
life cycle must be considered in order to assess
the overall environmental impact potentials (Wenzel
et al. 1997). For each specific environmental impact
category, contributing emissions are assessed using an

environmental model to estimate the impact contribu-
tion compared to that of a reference amount of the
substance. This relation is expressed as an equivalence
factor, in LCIA terminology called a characterisation
factor. The well-known example is CO,-equivalents
for climate change impacts. Most LCIA methods are
based on the following principles for calculation of
environmental impacts (Wenzel et al. 1997; Guinée
et al. 2002; Jolliet et al. 2003; European Commission
Joint Research Centre (ECJRC) 2010):

EP(j) = Y EP(j), = > (Q;- CF(j),) (1)

The emission of a substance (i) has the magnitude
of Qi and the characterisation factor for that substance
to the environmental impact category (j) is CF(j)i.
From this, the emissions potential contribution to the
environmental impact is calculated (EPy;) and all
emissions contributing to the impact category are
summed (EP;)) (Wenzel et al. 1997).

A main challenge in LCA of ENMs is how to derive
the characterisation factors (CF) for ecotoxicological
impacts of ENMs. The widely recognised USEtox ™
model for deriving CFs on (eco-)toxicity is based on
the general impact assessment framework (Eq. 2)
(Rosenbaum et al. 2008). It considers a fate factor (FF)
which is equal to the compartment specific residence
time (in days) of a chemical. The exposure factor (XF)
considered is in days ' for human toxicity and unitless
for ecotoxicity by indicating the dissolved and
bioavailable fraction that biota is exposed to. Effects
considered are expressed in the effect factor (EF) in
cases/kg intake (EF) or in PAF m*/kg (PAF = poten-
tially affected fraction). In ecotoxicology, XF can be
neglected if the exposure is expected to be equal to the
environmental concentration and the characterisation
factor will then be FF x EF. The intake fraction (iF)
for human toxicity expresses the fraction of released
substance that will be taken in by humans. The derived
characterisation factor (CF) is expressed in cases/kg
emitted or in PAF m’/kg emitted (Rosenbaum et al.
2008):

CF = EF - XF-FF = EF - iF (2)

The USEtox™ framework and calculation proce-
dures could in theory be applied to derive CFs for
ENMs. However, the USEtox™ framework is devel-
oped for organic chemicals and takes into account
partitioning based primarily on octanol-water parti-
tioning coefficient as well as degradation. So, for
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example, when applied to metals, the model fails to
account for multiple and interconverting metal species
and the sensitivity of metal-species distribution to
ambient chemistry (Gandhi et al. 2010). Such issues
will be relevant for ENMs as well and in order to
calculate CFs for ENMs, the USEtox™ model needs
to be adapted to model the fate of ENMs and take the
aggregation and dissolution of ENPs into consider-
ation. However, ENM behaviour in the environment is
still not well understood, and data are not easily
available (Lowry et al. 2012; Quik et al. 2011).

LCA has, still only to a limited extent, been applied
to products containing ENMs and in the following the
few published studies are reviewed. Almost none of
the studies have directly considered fate of released
ENMs due to the challenges described in “Difficulties
in toxicological impact characterisation of ENPs”
Section, where focus is on the LCIA challenges related
to the physiochemical characteristics of ENMs and
their behaviour in the environment.

Life-cycle assessment case studies of ENMs

In order to evaluate the current status of LCA
application on ENMs and identify needs for improve-
ment, a summary of published scientific articles
containing LCA case studies performed on various
products, components and systems containing ENMs
are shown in Tables 1 and 2. The found case studies
are divided into two tables addressing metal and their
compounds, and carbon and composite materials case
studies, respectively. The following interpretation
addresses the strengths and weaknesses of these
studies as well as the challenges still to be solved or
even fully understood.

The identification of studies in Tables 1 and 2 was
based on whether LCA was used. Some studies include
life cycle thinking but do not directly claim to perform
LCA. These have been included since they address one
or several life-cycle stages, most often with a focus on
energy consumption of ENM manufacturing.

Cradle-to-gate consideration
The case studies on metal, carbon and composite ENM
products usually consider a cradle-to-gate LCA and

focus on impacts caused by the energy-consuming
manufacturing processes. The use and disposal stages,

@ Springer

as well as the potential toxicity associated with the
release of ENPs during the life cycle of the product,
are most often neglected. Most studies in Tables 1 and
2 consider toxicity impacts, but only the case study
from Walser et al. (2011) considers toxicity impacts
from release of ENMs.

Some studies (Lloyd and Lave (2003), Lloyd et al.
(2005), Babaizadeh and Hassan (2012), Manda et al.
(2012), Roes et al. (2007), Steinfeldt et al. (2010a) and
Walser et al. (2011)) consider the use and disposal
stage, but the coverage of these stages is rather
incomplete (excl. Walser et al. 2011). For example,
Lloyd and Lave (2003) consider clay-polypropylene
ENMs in car body panels and there they consider
resource savings (fuel consumption) during the oper-
ation of a vehicle due to the lower weight of ENM, but
no other supplementary materials are considered and
thereby this study neglects the potential release of
other agents in the use stage (Som et al. 2010). The
disposal of ENMs is in general not properly dealt with
due to lack of knowledge of whether end-of-life
products would be landfilled, incinerated or recycled.

Functional unit

In order to perform a comparative LCA, the functional
unit is central to ensure a comparable functionality of
the two products. Studies as Joshi (2008), Kushnir and
Sandén (2008), Grubb and Bakshi (2010) and others
use a simplified functional unit relating just to the
weight of the material, e.g. 1 kg of a certain material
with ENMs. However, as also stated by Hischier and
Walser (2012), a functional unit based on weight does
not make sense in studies comparing ENMs with
conventional materials, as functionality is not propor-
tional with weight. If the use of ENMs results in
improved functionality, this should be considered in
the functional unit. ENM production tends to have
high resource and energy use in the production stage
(Lloyd and Lave 2003; Roes et al. 2007; Khanna et al.
2008), but an improvement in functionality can
potentially justify the use of more resources in this
stage in order to produce a better product with less
environmental impact in the use stage.

For example, Roes et al. (2007) includes elasticity
(Young modulus) and strength (tensile strength) in the
functional unit when comparing PP/layered silicate
nanocomposites with conventional PP, since the
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nanocomposite obtain the needed properties at a lower
weight. In many LCAs of ENMs it may be difficult to
identify the property that is the most important for
defining the functional unit. To perform a fair LCA
comparison, the functional properties must be central
and it should be evaluated whether there is a need to
scale the functional unit as Roes et al. (2007) does.

Inventory data

Production data of ENMs are scarce and the 29 studies
in Tables 1 and 2 rely to a high extent on generic data
e.g. those presented in Grubb and Bakshi (2010),
Osterwalder et al. (2006), Tibbetts et al. (1994), Hwang
et al. (2005) and Healy (2006), Healy et al. (2008).
Primary process data of ENMs, coming from industry,
are often not openly disclosed in this technology
domain due to the relative novelty of the scientific field.
This leads to a higher level of uncertainty as it needs to
be covered by estimations and secondary and generic
data, like the approach in Bauer et al. (2008), Joshi
(2008), Merugula et al. (2010) and Isaacs et al. (2006).
The lack of primary data limits the scope of the studies.
Very often, the use and disposal stages of ENMs are
unknown resulting in cradle-to-gate LCA study
approaches, as seen in Tables 1 and 2.

Life-Cycle Inventory (LCI) date are crucial for
making an LCA, and the relatively few case studies of
ENMs underline the limited inventory data availability.
In addition to the case studies presented in Tables 1 and
2, anumber of scientific articles contribute to the slowly
growing LCI. Some of the studies, contributing to the
inventory, are Geranio et al. (2009), Kohler et al. (2008),
Kiinniger et al. (2010), Som et al. (2011), Suppen et al.
(2005), Durucan et al. (2006) and Gutowski et al. (2010).
For example, Geranio et al. (2009) describes the release
of Ag ENPs during textile washing, while Kiinninger
et al. (2010) describes the nano-Ag release from facades
due to weathering. There are several such studies that do
not perform LCAs per se, but anyway present valuable
LCI data that are needed when pursuing to do LCAs of
ENMs and the products they are included in. These
studies contribute in developing the needed inventory.

Impact hotspots
Currently, the conclusion, based on Tables 1 and 2, is

that compared to their conventional counterpart pro-
ducts, the ENM products are more energy demanding

and have an inferior cradle-to-gate environmental
impact profile, e.g. in Khanna et al. (2007, 2008),
where the production of nanofibres and polymer
nanocomposites is more energy demanding than a
steel product. On the other hand, Lloyd and Lave
(2003) and Lloyd et al. (2005) show that the use stage
for ENM products is more environmentally friendly
than for their conventional counterpart products by
assessing clay-polypropylene ENMs in car body
panels and platinum-group metal particles in car
catalysts, respectively. However, impacts such as
potential ENP release are not considered. Gavankar
et al. (2012) and Hischier and Wasler (2012) conclude
that the assessment of nano-specific impacts must be
developed but in order to do so the level of
understanding of ENM behaviour, exposure and
effects must be raised substantially.

Overall findings

On the basis of the 29 found studies, certain tendencies
can be identified reflecting the current state of
knowledge regarding LCA of ENMs:

e Usual cradle-to-gate or manufacturing system
boundary consideration.

e Use and disposal life-cycle stages are poorly
covered.

e Common use of generic life-cycle inventory (LCI)
data and assumptions.

e Almost no consideration of release of ENMs
(e.g. in the use or disposal stages) and the
potential toxic impacts of these (fate, exposure
and effect consideration). Walser et al. (2011) is an
exception.

e Cradle-to-gate LCA comparison of counterpart
products (with ENMs and without) shows that
ENM products are more energy demanding and,
therefore, have a worse cradle-to-gate environ-
mental profile, e.g. in polymer nanocomposites vs.
steel and socks with and without nano (Moign et al.
(2010); Meyer et al. 2010).

e Cradle-to-grave LCA comparison of counterpart
products (with ENMs and without) shows that the
use phase is better for ENM products as usually an
improved functionality is achieved, e.g. comparing
clay-propylene nanocomposites with steel or alu-
minium in light-duty vehicles (Osterwalder et al.
2006).

@ Springer
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Primary  Agglomerated Aggregated Agglomerated
particle ENPs ENPs aggregates
(ENP)

Fig. 2 Primary particle (ENP) appearance. Reproduced from
Oberdorster et al. (2007)

Release of ENMs and assessment of their impacts
contain a degree of complexity that makes them
difficult to grasp scientifically and to include in a LCA
approach. In the following, focus will be on the
challenges related to assessment of the toxicological
impacts, and afterwards a sensitivity analysis is
performed on the potential toxicological impacts from
release of ENMs/ENPs during use of products.

Difficulties in toxicological impact characterisation
of ENPs

The potential toxicological impact of ENMs depends
on the possible release of ENPs during an ENM
products life, on their environmental fate and their
potential effect when penetrating into living organ-
isms. There is currently a lack in understanding of fate,
exposure and effect of released ENPs in the environ-
ment—which is problematic especially in the fresh-
water compartment, as it is a common recipient (Quik
etal. 2011; Lowry et al. 2012; Som et al. 2010). Some
important parameters are particle appearance, trans-
port, transformation and physico-chemical character-
istics of ENPs. Current knowledge on these will be
summarised below.

Particle appearance

Nanoparticles tend to agglomerate (coagulate), aggre-
gate (fuse) or a combination thereof (e.g. like carbon
black and TiO,), see Fig. 2. The bonding and inter-
action happen in order to reduce the high-surface
energy. The interaction between two particles, in
liquid and air, can in general be described by forces of
van der Waals attractions and electrostatic repulsions
(Rupasinghe R-A-TP 2011). The particle appearance
influences the toxicity of ENMs in water (Oberdorster
et al. 2007).

@ Springer

Transformation

The transformation upon release into freshwater
environment can be performed biotically (interaction
with plants, water flea, fish etc.) or abiotically
(interaction with water, sand, light, etc.) and can alter
shape, size, surface chemistry and ultimately the fate
of ENMs. Physico-chemical properties of ENMs
define their differentiated behaviour, and the processes
considered important for ENMs after release to water
are (Vonk et al. 2009; Lowry et al. 2012):

Dissolution

Change in surface structure of ENMs/ENPs
Aggregation/agglomeration

Sedimentation

ENMs commonly tend to sorb to high-surface-area
colloids and then aggregate/agglomerate and sediment
(Klaine et al. 2008).

Transport

Transport is partially controlled by the aggregation/
agglomeration and subsequent deposition/sedimenta-
tion of ENMs. Aggregation of ENMs in the environ-
ment will depend on these parameters (Lowry and
Casman 2009; Lowry et al. 2012):

Hydrophobicity

Chemical bonding between nanoparticles
Ionic strength

Ionic composition

The ionic strength, which is higher in marine than
freshwaters, and pH and the presence of divalent
cations such as Ca®" and Mg*" will influence the rate
and extent of aggregation/agglomeration (Lowry and
Casman 2009). Brant et al. (2005) suggest that if Cg
fullerenes are released into natural waters with an ionic
strength higher than 0.001 M, these may form large
aggregates/agglomerates that will sorb to other parti-
cles or media and eventually become immobilised.

Important physico-chemical characteristics
of ENPs

Based on the developing understanding of ENM fate
in e.g. freshwater it seems that the following charac-
teristics are important to consider (Batley and
McLaughlin 2010) (Klaine et al. 2008):
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Chemical composition

Mass

Particle number and concentration
Surface area concentration

Size distribution

Specific surface area

Surface charge/zeta potential
Surface contamination and the nature of any shell
and capping

Solubility

e Crystal structure

The natural conditions of the environment are also
important along with the common fate consideration
of aggregation/agglomeration and dissolution. How-
ever, these and other co-related mechanisms espe-
cially in water are neither fully understood nor well
represented with characterisation data (Farré et al.
2011). An overview is shown in Fig. 3.

Toxicity

The toxic effect of ENP depends on a number of
parameters, e.g. size, dissolution, surface structure and

aggregation/agglomeration. Variation in ENP size
does show difference in toxicity, e.g. Zhu et al.
(2009) stated that a 48 h test showed a 143 mg/L
LC50 on Daphnia magna from <20 nm TiO, ENMs,
while Heinlaan et al. (2008) observed a 48 h LC50 of
20,000 mg/L on Daphnia magna from 25 to 75 nm
TiO, in water. These indicate the variation in toxicity
between different sizes of tested ENMs, but still
different tests are difficult to compare due to variations
in test conditions. Kashiwada (2006) also showed that
particle size has an effect on accumulation of fluores-
cent nanoparticles in the Japanese medeka (Oryzias
latipes), as smaller particles accumulate rapidly. On
cell level, Hussain et al. (2009) showed that there is a
size-dependent cellular interaction of silver nanopar-
ticles in alveolar macrophages, and the cytotoxicity
was 10 times higher for ENM particles of 15 nm than
for those of 30 nm. The crystal structure of ENM
materials also plays a role, e.g. TiO, in anatase crystal
structure form is more toxic to organisms than the
rutile form (Hall et al. 2009; Wang et al. 2008).
During dissolution, ENMs become smaller and may
completely dissolve, depending on material and
environmental conditions, which may influence the

Fate
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{ ti
Difussion ags umera%
. L]
# Air ()
ENMs/NM: .
» e Impact species
Wet ry
deposition \
Gr;y\tahonal Inhalation
setling Deposition \
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ENMS/NMS Emission Surfactant susp.ended #Human Ingestion _—
Point stabilised E?’“C'ES/
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anutacture: landfills, wastewater Binding to NOM
effluent etc. & other colloids ... Aggregation/ Dermal
# _ # Water +— @~  agglomeration
Non-point ENMs/NMs
N Wear of tyres,
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uptake & —_—
Bio-degradation, in’;eracﬁons
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P v verol Sedimentation 1y
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# " . —
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Fig. 3 Potential environmental pathways of released engineered and naturally occurring nanomaterials (ENMs and NMs) in air, water
and soil and related to common impact organisms (based on Klaine et al. 2008; Batley and McLaughlin 2010; Wiesner et al. 2006)
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toxicity significantly. The toxicity, in the case of Ag
ENMs released to freshwater, will depend on the
intrinsic toxicity potential of ENMs and the ions
formed through oxidative dissolution (Scheringer
et al. 2010). In continuation, Scheringer et al. (2010)
mentions that the high toxicity potential of free Ag
ions in natural waters may be disrupted by the
presence of complexing ligands, as they will reduce
the silver ion concentration and the related bioavail-
ability of those. The toxicological effects are also
related to change in surface structure of ENPs which
may be caused by removal/alteration of the coating.
Change in surface structure, e.g. by natural and
anthropogenic chemicals in the environment, may
result in enhanced mobility, bioavailability, aggrega-
tion (mainly hydrophobic surfaces), sedimentation,
dissolution and dispersion (mainly hydrophilic sur-
faces), and consequently the actual exposure and
toxicity may increase (Vonk et al. 2009; Lowry and
Casman 2009). Also, solution pH and the presence of
adsorbing molecules and ions have an influence. The
closer the pH is to the isoelectric point, the particle
charge becomes lower and a change in the repulsive
forces is able to promote aggregation/agglomeration
(Franklin et al. 2007; Illés and Tombacz 2006). The
correlation of these processes, in contrast to single-
chemical behaviour, means that single-chemical
impact models are usually not suitable to use for
ENMs (Lowry and Casman 2009).

After aggregation, the gravitational forces cause
sedimentation and ENMs are removed from the water
layer and the material is less available to certain water
organisms, but more to the benthic organisms in the
water environment (Klaine et al. 2008; Lowry et al.
2012). Turbulent motion in benthos and bio-turbula-
tion of sediments can cause re-suspension and make
the material more available to organisms in the water
layer (Klaine et al. (2008).

Sensitivity analysis—potential ecotoxicological
impacts from Ag and TiO, ENM products

The few LCA studies that mention the release of
ENPs, mainly in the use phase, have not taken the step
further towards assessment of the effects, e.g. Meyer
et al. (2010). Only Walser et al. (2011) takes this step
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even though a nanomaterials specific impact charac-
terisation factor was not calculated. Meyer et al.
(2010) concludes that ENPs are released from Ag
ENM-fabrics during washing, and Geranio et al.
(2009) quantifies the potential release of silver during
washing. However, the potential impact of the release
is not assessed and that is the aim of the sensitivity
analysis in this study. In a LCA perspective, the effect
factor (EF) should be applied along with the fate factor
and exposure factor in order to derive the character-
isation factor (see Eq. 2). Due to the challenges in
modelling the fate and exposure, described in “Dif-
ficulties in toxicological impact characterisation of
ENPs” Section, a scenario of direct emission to
freshwater with subsequent exposure has been made in
this sensitivity analysis. Direct emission to freshwater
is a worst-case scenario, while the fate factor (FF) set
to 1 day is a best-case scenario due to the short
substance residence time in freshwater. The EF for Ag
and TiO, ENM was calculated from the potentially
affected fraction (PAF) of species (Larsen and Haus-
child 2007a, b). In comparative assessments like LCA,
the effect factors should be based on HC50 (hazardous
concentration for 50 % of the species) and PAF
(Rosenbaum et al. 2008; Larsen and Hauschild
2007a, b):

05  05PAF
" HC50  HC50gcso

HC50 values

EF (3)

HC50 is defined as the hazardous concentration in kg/
m® at which 50 % of species in an aquatic environment
are exposed to a concentration above their EC50. As
normally in standardised testing, three trophic levels
are included and it is recommended that at least three
toxicity values are available at each trophic level
(Rosenbaum et al. 2008; Larsen and Hauschild 2007a,
b). In this study, the HC50.ponic vValues are based on
chosen EC50,., values according to standards from
Rosenbaum et al. (2008) and Larsen and Hauschild
(2007a, 2007b). In the supporting information, in
Tables 3 and 4, the calculation of HC50gcso for Ag
and TiO, ENMs (mainly <200 nm diameter size, see
Tables 3 and 4 in supporting information) from
freshwater species data for three trophic levels is
shown, according to Larsen and Hauschild (2007a,
2007b) and Rosenbaum et al. (2008).
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Fig. 4 Aquatic species (algae, daphnia, fish) sensitivity distri-
bution for Ag ENM with PAF curve derived from HC50gcs
values from Table 3 (supporting information)

HC50,,, = 107(-1.72 kg/m3) = 191E-2 keg/m?*

PAF
o
o

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

|
T
|
T
|
T
|
T
|

-5 -4 -3 2 -1 0 1 2
Log (kg/m3)

Fig. 5 Aquatic species (algae, daphnia, fish) sensitivity distri-
bution for TiO, ENM with PAF curve derived from HC50gcsq
values from Table 4 (supporting information)

Freshwater species sensitivity distribution

Following the derived HC50gcso geometric mean
results for Ag and TiO, ENM, the aquatic species
sensitivity distributions can be derived, where C is the
concentration of Ag or TiO, ENM, a is the average
chronic logHC50 for Ag or TiO, ENM and calculated
on the basis of Tables 3 or 4 (supporting information),

B is the scale parameter and o is the standard deviation
of HC50gcso values in Tables 3 or 4 (supporting
information) (Larsen and Hauschild 2007a, b):
1
PAF == w (4)
14+e 7

4 (5)

The PAF curve is thus derived and shows the
species sensitivity, on the basis of Tables 3 and 4 from
supporting information, in freshwater in relation to
ENM Ag and TiO, concentrations (Figs. 4, 5).

Freshwater characterisation factor

The PAF curves show that in order to affect 50 % of
species in freshwater, the concentration must be
5.83E — 5 kg Ag ENM/m® and 1.91E — 2 kg TiO,
ENM/m® (HC50uhromic)- Hereby, Ag ENMs are con-
sidered more toxic towards the freshwater species
than TiO, ENMs, in accordance to e.g. Klaine et al.
(2008). From the HC50p0nic» the effect factor (EF)
can be derived with the aim of generating character-
isation factors (CF) expressing the PAF resulting
from release of 1 kg of Ag or TiO, ENM. As
mentioned in “Life-cycle impact assessment and life-
cycle assessment” Section, the exposure factor (XF)
is neglected for ecotoxicity and the fate factor (FF) is
due to severe challenges (mainly many unknowns)
simplified to 1 day assuming rapid transformation,
aggregation and sedimentation of ENMs:

CF = EF - XF - FF = EF - FFgnpiified (6)

0.5PAF . PAF - m? - day
CF = EF - FEmplified = ————-1day=————-1day =8.57E3 ——MM 7
AgENM simplified HC50umome ay 5 83E — Sn]% ay kg (7)
0.5PAF 0.5 PAF - m? - day
CFr; = EF - FE implified = —— =———.1lday=262E] ———= 8
TI02 ENM simplified HCSOchronic i 1.91E — 2411.;1% v ( )
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Characterisation factors applied on Ag and TiO,
ENM case studies

The derived characterisation factors, in Freshwater
characterisation factor Section, for Ag and TiO,
ENM were applied to the release in the case studies
(case studies details can be seen in supporting
information). These studies represent the actual
release, achieved through laboratory testing. The
release is based on the total silver or titanium(-
dioxide) content, and thus may not be in ENM or
ENP size definition (ISO 2008; SCENIHR 2007).
The release is assumed to be in the ENM size, even
if not all may be within that range, and the release is
assumed to directly being led to freshwater environ-
ment. Thus, this scenario represents the worst case
as it is based on total Ag and TiO, content released,
and assumes that washing water will be led directly
to a freshwater recipient without passing a waste-
water treatment facility. Tables 5 and 6, in the
supporting information, summarise the results, com-
prising potential release and characterised ecotoxic-
ity impact results from ENM products.

Figures 6 and 8 show the characterised impact
results, also seen in the last column in Tables 5 and 6
in the supporting information. The ecotoxicity impact
from 1 g of Ag ENM products varies within the range
of 1E — 7 to 1E4 PAF*m>*day, dependent on the
amount released from the products. For Ag ENM,
according to the linear regression, the ecotoxicity

1E+04
1E+03
1E+02
1E+01
1E+00
1E-01

1E-02
1E-03
1E-04
1E-05
1E-06

1E-07
1E-01  1E+00 1E+01 1E+02 1E+03

PAF*m3*day
(from Ag release per g total product) (log-scale)

impact is 1E — 6 PAF*m>*day per ug Ag ENM
content in the products (Fig. 7).

The TiO, ENM ecotoxicity impact, per gram
product, is within the range of 2E — 6 to 4E — 5
PAF*m’*day, while the linear regression based on
these products indicates an increase of 2E — 9
PAF*m>*day per pug TiO, ENM content in product.

The conclusion based on the Ag and TiO, ENM case
studies and the ENM characterisation factors is that the
ecotoxicity impact is higher for Ag than for TiO, cases.
This can be seen from the derived characterisation
factors in “Freshwater characterisation factor” Section
and the impacts displayed in Figs. 6 and 8, as these
show a higher potential ecotoxicity impact to fresh-
water organisms (the ones included in Tables 3 and 4
that can be seen in the supporting information). Also, as
seen in Fig. 6, there is a linear regression for Ag cases,
while for TiO, in Fig. 8 this cannot be concluded
(based on only 11 release cases found). This means, for
Ag cases, that the content of Ag ENMs in products is
determining for amount of Ag released (mainly due to
washing), and consequently to the ecotoxicity impacts
to the freshwater species.

In Fig. 7, it is shown for Ag ENM products that the
most common products (textiles, socks and shirts)
represent the highest impacts, except for the medical
mask and cloth that represents only two datasets.
These impacts, only originating from the Ag release,
are ca. 1-3.5 orders of magnitude higher according to
median (excl. baby plush toys & baby blanket) than

y/=1E-06x
R?2=0.9999 6

1E+04 1E+05 1E+06 1E+07 1E+08 1E+09 1E+10

Ag ENM content (ug)
(per g total product) (log-scale)

Fig. 6 Ecotoxicity impact from release of Ag (total metal) from products containing Ag ENM, data displayed according release related
ecotoxicity per g total product. Based on data from Table 3 (Fig. 4) and 5 (supporting info.). A detailed chart can be seen in the

supporting information (Fig. 11)
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Fig. 7 Ecotoxicity impact per gram of Ag ENM product and also compared to non-ENM commodities as ecotoxicity impact per gram
of polymer (PP, PE, PET European (RER) average, Ecoinvent v2.2 and Buwal database) and per Wh electricity generated
(Scandinavian countries grid mix average, Ecoinvent v2.2 database). Based on Table 3 and 5 from supporting information (see also

Figs. 4 and 6). Cross (+4) indicates the geometric mean
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Fig. 8 Ecotoxicity impact from release of TiO2 (total metal) from products containing TiO2 ENM, data displayed according release
related ecotoxicity per g total product. Based on data from Table 4 (Fig. 5) and 6 (supporting info.). A detailed chart can be seen in the

supporting information (Fig. 12)

the impacts from production of 1 g PP, PE and PET
polymer average or 1 Wh of grid mix electricity from
Scandinavia. The polymer and electricity production
data were attained from Ecoinvent v2.2 and Buwal
database, and the ecotoxicity impacts were derived
through Impact 20024+ LCA method (Jolliet et al.
2003). The ecotoxicity impact potential from the

polymer and energy production originates from the
entire production chain, in contrast to the ENM
products where the accounted impacts are based
solely on the release of Ag in the use-stage (see Fig.
7). These are provided in order to place the potential
impacts of released Ag ENM in perspective. Even
though assumptions are made in order to quantify the

@ Springer



2427 Page 24 of 33

J Nanopart Res (2014) 16:2427

impact potential from e.g. washing of t-shirts con-
taining different Ag ENM textiles, it should still be
clear that the release will occur (Geranio et al. 2009)
and the related freshwater impacts will be created if
the waste-water treatment is not suited for the
complete removal of Ag ENM. Also, impacts of Ag
ENM in freshwater could be related to dissolution into
silver ions as according to Ratte (1999) the silver ion
(Ag+) is defined as the most toxic form of silver in
water. Silver speciation commonly occurs in fresh-
water with sulphide and chloride and this reduces the
silver bioavailability, but even though this is the most
realistic fate, the toxicity studies are quite simple and
may to a lesser extent include speciation in the
laboratory setup for toxicity measurements to fresh-
water organisms (Scheringer et al. 2010; Fabrega et al.
2011; Jones and Grainger 2009). Due to difficulties in
empirically testing different scenarios, biological
models have been introduced and one of those is the
Free Ion Activity Model (FIAM) and the Biotic
Ligand Model (BLM) used to predict acute metal
toxicity to aquatic vertebrates and invertebrates
(Fabrega et al. 2011). The main issue with such a
model is that it is equilibrium based and not always

1LE-04

1,E-05

1,E-06

PAF*m3*day
(log-scale)

1,E-07

1,E-08

T-shirts, 1 wash T-shirts, 10 washes

(1 g product)

T-shirts, sweating

suitably models what happens in real life (Slaveykova
and Wilkinson 2005; Fabrega et al. 2011). Further, it
is unknown how suitable some of the assumptions are
for ENMs, e.g. dominance of free ion activities in
determining bioavailability, aqueous phase chemistry
is at equilibrium and that uptake and flux across the
membrane is rate limiting (Fabrega et al. 2011).

Regarding TiO, ENM products, as seen from the
boxplot in Fig. 9, the t-shirts washed 10-times have
higher ecotoxicity impact due to higher release, than
e.g. after one wash. The impacts, only originating from
the TiO, release, are ca. 1-2 orders of magnitude
higher (median) than the impacts from production of
1 g PP, PE and PET polymer average or 1 Wh of grid
mix electricity from Scandinavia. The release of Ag or
TiO, in the use stage has in almost all cases higher
impacts than the total ecotoxicity impacts from
production of 1 g polymer (PP, PE and PET average)
and 1 Wh of Scandinavian electricity (grid mix). This
sensitivity underlines the need to consider the release
of ENPs and/or ENMs during use, solely due to
potential ecotoxicity impacts.

According to Jones and Grainger (2009), the main
hurdle is still to model and predict the actual fate of ENPs

Facade paints, rain run-off | Polymer production (PP,  Scandinavian electricity
PE, PET) generation
(1 g product) (1 Wh grid mix)

Other commodities (all release accounted)

TiO2-nanoproducts (only TiO2 release accounted)

Fig. 9 Ecotoxicity impact per gram of TiO, ENM product and also compared to non-ENM commodities as ecotoxicity impact per
gram of polymer (PP, PE, PET European (RER) average, Ecoinvent v2.2 and Buwal database) and per Wh electricity generated
(Scandinavian countries grid mix average, Ecoinvent v2.2 database). Based on Tables 4 and 6 from supporting information (see also

Figs. 5 and 8). Cross (+) indicates the geometric mean
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Fig. 10 Possibilities and limitations of LCA—what currently can be assessed in LCA. Figure is partially based on Som et al. (2010)

and a reproduced figure from Oberdorster et al. (2007)

when they are released to the environment since more
products with ENMs are introduced to the consumer
market. For example, if more washable products contain
Ag ENM, the actual hazard may be higher in terms of
PAF, but this of course also depends on the actual fate of
ENMs as described in “Difficulties in toxicological
impact characterisation of ENPs” Section.

Limitations of LCA of ENMs—what needs to be
considered

In order to perform an LCA of ENMs, certain aspects
need to be considered and some are more important
than others. As described in “Life Cycle Assessment
case studies of ENMs” and “Difficulties in toxicolog-
ical impact characterisation of ENPs” Section, the
potential ENP/ENM release is commonly not included

in LCAs. This is partly due lack of knowledge about the
release, partly due to a missing understanding of how to
quantify the ecotoxicity as a function of particle release
from ENM products during its life cycle.

Figure 10 illustrates LCA limitations regarding the
impact assessment of ENMs. The limitations are
linked to the limited knowledge on fate and effects of
released ENPs. Currently, the LCAs performed on
ENMs disregard the potential (eco-)toxicity impacts
of ENP release to environmental compartments. In
order to include these, there is a need to develop
characterisation factors in collaboration with the RA
field. Currently, if aiming at performing an LCA one
should be aware of the following:

e Goal and scope: If possible, consider the whole life
cycle and set goals according to LCA possibilities
(see Fig. 10). The functional unit needs to take into
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account the functionality and property differences
of the product when using ENMs.

e LCI: Data are difficult to acquire, so either
collaborate with the industry or base the data on
already published studies and generic processes
from databases as e.g. Swiss Ecoinvent.

e LCIA: A completely holistic impacts assessment
cannot be performed, mainly due to the unan-
swered questions regarding accounting of ENM/
ENP release and the related impacts (Som et al.
2010; Bauer et al. 2008):

e How much ENM/ENP is released to environmen-
tal compartments (e.g. water) and technosphere
(e.g. waste-water treatment)?

e Which exposure to ENMs/ENPs occur in the
environment and what are the effects on biota and
humans?

e At different times, what appearance (size, shape
and composition) do the ENMs/ENPs take in the
environment (primary particles (ENPs), agglom-
erated ENPs, aggregated ENPs, agglomerated
aggregates)?

e What are the environmental consequences from
different end-of-life treatment of ENM products?

These impact assessment-related problems need to
be uncovered and solutions to these included in future
LCA. The general approach, as mentioned previously,
will be to include RA developments in LCA, so fate
and end-point effects can be quantified.

Conclusion

Currently, the application of LCA of ENMs is not well
developed and there are different reasons for this.
Firstly, due to the relative novelty of ENMs, the
inventory data available are limited making it difficult
to establish the actual inventory data of ENM raw
material extraction and production. Secondly, the
potential release of ENP during the life cycle is not yet
well investigated (partly due to measuring difficul-
ties). Finally, after release of ENMs to the environ-
ment, there is still an incomprehensive understanding
of processes controlling the fate and effect of released
ENPs. In this context, only one study managed to
include impacts related to ENM release in their LCA
of a nanoproduct, although a nanomaterial specific
impact characterisation factor was not calculated

@ Springer

(Walser et al. 2011). To make LCA more robust when
assessing ENMs the factors controlling transport,
transformation, fate (e.g. aggregation and deposition)
and effect of released ENPs must be uncovered and
corresponding LCA environmental impact character-
isation factors should be developed. Due to constraints
of unknowns and time the prospect is to develop
simplified models that may serve in preliminary fate
and effects assessments of released ENMs. There is
also aneed to develop a better LCI database for ENMs,
as Bauer et al. (2008) also underlines.

The conclusion of the sensitivity analysis under-
lines the need to consider this potential impact source
during a products lifetime, as the quantified ecotox-
icity impacts in this study for Ag and TiO, ENM
products are higher compared to other frequently
applied processes such as polymer production (Euro-
pean PP, PE and PET average) and electricity
(Scandinavian grid mix). Further, Ag ENMs, com-
pared to TiO, ENMs, contribute to a higher ecotox-
icity to freshwater algae, daphnia and fish. The
ecotoxicity impacts originating from the Ag and
TiO, release from Ag and TiO, ENM product, pose
up to ca. 3.5 orders of magnitude higher (median)
ecotoxicity impact for Ag and ca. 1-2 orders of
magnitude higher (median) ecotoxicity impact for
TiO, than production of 1 g polymer (European PP,
PE and PET average) or 1 Wh of grid mix electricity
from Scandinavia. Additionally, for Ag ENM pro-
ducts, a linear regression was observed between Ag
ENM content in the products and the release of total
Ag during use (mainly washing), consequently leading
to potential ecotoxicity impacts to algae, daphnia and
fish freshwater species.

Some may question the need to apply LCA on ENM
products, but LCA has been proven as one of the only
holistic tools to understand the overall impact of
products and systems—meaning that it covers broadly
in terms of including the whole life cycle, all potential
impacts and their range of categories. Thus, LCA has
good potential to be developed into a robust tool for
assessing a wide range of impacts deriving from ENM
product life cycles. Based on the review, we observe
that LCAs have been applied on ENM products, but so
far mainly to assess the accountable production-
related emissions. Thus, we find that the future aims
should be to further map, develop and validate the
application of LCA of ENMs and, importantly, collect
inventory data and develop impact characterisation
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factors to further the assessment of potential environ-
mental and toxicological impacts from released
ENMS/ENPs. To supplement this massive task that
lies ahead, the sensitivity analysis performed in this
study on Ag and TiO, identifies some of the aspects
needed in development of impact characterisation
factors, but the approach to calculate, i.e. the fresh-
water fate factor for each ENM especially needs more
attention. In this sense, LCA should be used with
caution as release, fate and effect of ENM/ENP is
currently not properly accounted for and the actual
environmental implications not enough investigated.
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