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The many appealing properties of nanocellulose have led to increasing interest in the material from re-
search and industry over the past years, with the material showing potential for both industrial and con-
sumer goods. This will unavoidably lead to increasing release of nanocellulose into the environment. Al-
though nanocellulose is largely regarded as non-toxic, knowledge gaps surrounding its impacts on the
environment and human health still exist and data remains scarce. This study aimed to quantitatively assess
the environmental risk of nanocellulose by characterizing both environmental exposure and hazard. Firstly,
a probabilistic species sensitivity distribution (PSSD) was developed to assess the hazard by calculating the
predicted no effect concentration (PNEC) of the surface water compartment, resulting in a PNEC of 7.8
mg ! (mean value of the distribution). Secondly, the dynamic probabilistic material flow assessment
(DPMFA) method was employed to assess the exposure by quantifying the predicted environmental con-
centration (PEC), using the European Union as a system boundary, and 2000 to 2025 as timeframe. This
resulted in a PEC in surface water of 0.23 pg [ in 2015 and 2.37 ug I in 2025 (mean values). The PEC and
PNEC distributions allowed for the calculation of the risk characterization ratio (RCR). Results show an RCR
of 6.9 x 107° in 2015, and 7.1 x 107 in 2025, implying that under the chosen assumptions there is no pres-
ent or future environmental risk surrounding nanocellulose within the surface water compartment, even
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rsc.li/es-nano assuming a compound annual growth rate of 19% for nanocellulose production in upcoming years.

Environmental significance

Increasing nanomaterials in commercial products necessarily leads to increasing concentrations of these materials within the environment. Quantifying
the risk this may pose at an early stage of material development is therefore useful. Nanocellulose is still in early stages of commercialization, but
production volumes are expected to grow significantly in the upcoming years. This study aimed to quantify the environmental risk surrounding this novel
material while accounting for expected future production growth. Results from this work contribute to the growing body of environmental risk assessments
of nanomaterials, and open the way for the safe commercialization of nanocellulose-containing products.

1. Introduction ings, composites, and packaging are particularly interesting
in the wake of current political and societal movements to-
wards reduction of plastic consumption.*™

Three categories of NC exist: cellulose nanocrystals (CNC),
cellulose nanofibers (CNF), and bacterial nanocellulose
(BNC). The possibility of controlling its biofabrication make
BNC particularly appealing to the biomedical industry.® In
addition to being produced in different ways, these three
types also vary in their physico-chemical properties, from size
to crystallinity.” Most of the NC being developed for commer-
cial purposes is in the form of CNF, with CNC patents largely
being owned by universities and public institutions.*® Cur-
rently, many NC-based applications are at the pilot scale or
going through industry trials, with a first few applications
having already entered the market.'® It is expected that many

Nanocellulose (NC) has been gaining increasing attention
from both research and industry over the past years. The ma-
terial can be derived from a multitude of abundant cellulosic
biomass sources such as wood pulp, agricultural crops, or-
ganic waste, as well as from bacteria." Its physico-chemical
properties, including high tensile strength, biocompatibility,
and high aspect ratio make it attractive to a wide range of
sectors, spanning from medical to construction.> As nano-
cellulose originates from renewable matter, its potential to re-
place petroleum-derived materials for example for films, coat-
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applications will reach commercialization within the next 5-
10 years.'" Forecasts regarding NC production volumes vary
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substantially, but are overall optimistic.'*> The anticipated in-
crease in NC production and use will unavoidably lead to in-
creased release into the environment and to increased hu-
man exposure to the material at various product life stages.

At the nanoscale, the behavior and physicochemical prop-
erties of materials change, giving them new qualities, but
also having the potential to negatively impact human health
and the environment."*™® Although NC is largely considered
non-toxic, as is its bulk form, ecotoxicity studies remain
scarce and knowledge gaps remain. A number of reviews sur-
rounding the material's characterization and toxicity have
been published in recent years.">'”"? Their overarching con-
clusions are that uncertainties are still present, preventing a
straightforward judgement to be made regarding health and
safety issues surrounding the material. Shatkin and Kim>’
undertook a life cycle risk assessment of NC by identifying
exposure scenarios and evaluating its toxicity. The resulting
health and safety roadmap allows for a qualitative overview
of the material, with the authors highlighting the existence of
remaining data gaps and research needs. Endes et al®
reviewed the current knowledge of the impacts of NC on hu-
man and environmental health. The authors identified wide
divergences between study findings, and pointed out the cur-
rent lack of chronic, low dose, and repeated exposure
studies.

There are currently no methods allowing to directly mea-
sure concentrations of engineered nanomaterials (ENMs) in
the environment. Using a modelling approach is therefore
necessary.”" Such a top-down procedure allows environmen-
tal concentrations to be estimated based on demand volumes
and other input data.?*>* This approach has been used to as-
sess the environmental risk of a number of ENMs, including
nano-SiO,, nano-Ag, nano-TiO,, nano-ZnO, carbon nanotubes
(CNTs), fullerenes, nano-Au, and nano-Ce0,.>>>° Our study
follows a similar structure as that of Wang et al*® who
looked at the environmental release and risks of nano-SiO,
through the use of probabilistic material flow and environ-
mental risk assessment models. By using such an approach,
this study aims to contribute towards filling some of the
remaining gaps surrounding NC by quantitatively assessing
the environmental risk of the material. Due to limited infor-
mation and data availability, we consider all forms of NC,
without differentiating between CNC, CNF, and BNC.

2. Methodology
2.1 Exposure assessment

Exposure was characterized by modelling the stocks and
flows of NC throughout its life cycle, which includes produc-
tion, manufacturing, use, and end-of-life (EoL), using a dy-
namic probabilistic material flow analysis (DPMFA).>° Our
system boundary was the European Union, and the time-
period considered from 2000 to 2025. We used the model de-
scribed in Sun et al.*' as a base model, which we configured
to fit the system and data under consideration. The dynamic
aspect of the MFA was incorporated in order to account for
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the historical inputs and releases of NC, thereby modeling
changes of the system over time.>**> Furthermore, it allows
for a prospective assessment by evaluating how the system is
predicted to develop in the future.

The probabilistic nature of the MFA allows the uncer-
tainties surrounding input parameters (demand volume, allo-
cation to product categories and transfer coefficients) to be
taken into account by treating these inputs as probability dis-
tributions. Two types of distributions were applied to the var-
ious data sources, namely triangular and trapezoidal, as
explained in detail in Sun et al*® Following the studies by
Sun et al. and Gottschalk et al.,**** we used two degree of be-
lief (DoB) values to evaluate the reliability of data. These were
80% for high reliability data, from peer-reviewed studies and
market reports, and 20% for data from presentations, re-
ports, and other sources giving little methodological detail.
These DoB translated into different sized samples of the cor-
responding parameter in the Monte Carlo simulation, used
to account for the wuncertainties through a stochastic
approach.?*?*

The model is made up of various technical and environ-
mental compartments, from and into which NC flows. The
four environmental compartments of the model are ‘air’,
‘surface water’, ‘subsurface water’ and ‘soil’ (divided into
‘natural and urban soils’ and ‘sludge treated soils’). The
seven technical compartments are ‘production’, ‘manufactur-
ing’, and ‘consumption’ (‘PCM’), ‘sewage treatment plants’
(‘STP’), ‘waste incineration plants’ (‘WIP’), ‘landfills’,
‘reprocessing’, ‘elimination’, and ‘export’. Within our model,
‘export’ represents export of nanocellulose-containing waste
from Europe. We do not consider product imports or exports,
as we assume that the use phase of all products takes place
within the system boundary. The ‘reprocessing’ compartment
represents recycling and further conversion of the products
and material within the system, and ‘elimination’ represents
the destruction and loss of the material through combustion
while in the WIP.

Three sources were used as NC production volume input
in the model. These varied significantly in terms of fore-
casted volumes, but as there is high uncertainty regarding
current and future production, all three were considered,
with various DoBs being attributed to each. Values from Fu-
ture Markets’ were given a DoB of 80%. The two sources
from the report by Miller,>® which presents NC market fore-
casts from various companies and institutes, were given a
DoB of 20%, as the report does not detail how these volumes
were reached. We only used the forecasts in the report by
Miller*® which specified a time horizon, not just potential
volume. When the volume of only a single year was given, we
extrapolated past and future volumes by assuming a com-
pound annual growth rate (CAGR) of 19% between 2015 and
2025.>” We did not use the forecast made by RISI for 2025,"
as the estimated 450000 tons per year of global production
was deemed unrealistic by expert judgement. Although the
study by Cowie et al.*® estimates global and United States NC
production volumes through market projections, their study
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was focused on volume potential, without considering a spe-
cific timeline or year in which these projected volumes might
be reached. We therefore did not consider the volumes
discussed in their study, although did consider the shares of
NC attributed to various product categories that were identi-
fied. Furthermore, although data regarding the capacity of
NC production plants were available in various studies, they
were considered unreliable as estimations of actual produc-
tion volumes, as these facilities are not currently producing
to maximum capacity.

European volumes were scaled from global volumes based
on Europe's current and projected NC market share.
According to Future Markets,” Europe currently represents
33% of the global NC market. This share is projected to in-
crease to 34% by 2027, and we assume that this would al-
ready be the case by 2025. No information regarding past NC
production volumes were found. We therefore assumed de-
mand to be correlated with trends in patents and scientific
publications. Accordingly, production was set to 0 tons in the
year 2000 (earliest considered year in this study), following a
linear growth between 2000 and 2015,%*° with a CAGR of
21.3%.

How much and where an ENM is released will depend on
the product in which it is incorporated and its matrix, rather
than on the ENM itself.**"** The attribution of nanocellulose
to product categories is therefore a crucial step in modelling
its later release. Nanocellulose is still in early stages of com-
mercialization, with the majority produced going into re-
search and development (R&D).>° To account for this, we
treated product category shares dynamically, as the share of
nanocellulose going into R&D will slowly decrease relatively
over time. All other product categories and their shares were
developed based on a literature search of nanocellulose appli-
cations, where the maximal, minimal and mean shares were
used to develop the distribution for each product catego-
ries.”?®*® Assuming a linear growth, by 2025, 58% of pro-
duced nanocellulose will be used for R&D purposes, down
from 75% in 2015. The coefficient of variation of the R&D
product category was set to 50%, to account for the high un-
certainty surrounding this value.*

Information regarding release of nanocellulose to various
environmental and technical compartments, required to de-
termine transfer coefficients, was extremely limited. We
therefore used transfer coefficients from studies that looked
at the release of ENMs with similar properties and having
similar product categories as those identified for NC, for ex-
ample CNT and nano-SiO, (e.g.,ref. 29, 31 and 43). The same
was the case for the release schedule from product catego-
ries, as no studies regarding the release of NC from products
or NC-containing materials were identified in the literature.

Allocations of product categories to solid waste categories
were based on the study by Adam and Nowack.** These waste
categories include mixed municipal solid waste (MMSW),
packaging waste, waste electrical and electronic equipment
(WEEE), textile waste, and construction and demolition waste
(CDW). Four additional categories were incorporated into the
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model to fit NC product category requirements, namely auto-
motive waste, aerospace and aviation waste, medical waste,
and paper waste. The fate of these waste categories, either
ending up in WIP, landfilling, WWTP, reprocessing, or ex-
port, was determined following the methodology in Adam
and Nowack,"* using waste collection and treatment data
from reports and the Eurostat database.*> As there is no NC-
specific sewage treatment plant (STP) removal efficiency
study available to our knowledge, we used the data from Sun
et al.®>® for CNT, where the results from STP removal studies
were treated with various DoBs, depending on the size of the
studies (full-scale STP, pilot STP, or laboratory experiments).
Modelling of the stocks and flows of NC through its life
cycle allowed us to quantify the flows into the environment.
The surface water compartment was used for the risk assess-
ment undertaken in this study, therefore its predicted envi-
ronmental concentration (PEC) was calculated. To determine
the PEC of the surface water compartment required for the
risk characterization ratio calculation, the mass of NC of a
specific year within an environmental compartment is di-
vided by the EU volume of that compartment, as described in
detail by Sun et al.*>* A PEC distribution was developed by di-
viding each value making up the mass distribution within
the surface water compartment by the compartment volume.

2.2 Hazard assessment

In order to assess the hazard, a probabilistic species sensitiv-
ity distribution (PSSD) was computed. This was done by com-
piling NC ecotoxicological endpoints from the literature. The
same selection criteria as used by Coll et al. and Gottschalk
and Nowack?”*® were applied, namely only considering
in vivo studies looking at effects on survival, growth, and re-
production, exposed to either freshwater, air or soil.

We applied a probabilistic SSD,*® useful when working
with small datasets as it produces a sensitivity distribution
for each species rather than using a single toxicity endpoint.
The compiled endpoints were converted into chronic no ef-
fect concentrations (NOEC), using two assessment factors.
The time assessment factor (AFt) extrapolated acute studies
into chronic estimations, and the dose-effect assessment fac-
tor (AFe) converted various endpoints (e.g. LCso, ECs0) into
NOECs."” All these sensitivity distributions together form the
species sensitivity distribution for an entire environmental
compartment. The 5th percentile of the resulting PSSD was
used as predicted no effect concentration (PNEC), as per Eu-
ropean Chemicals Agency (ECHA) guidelines.”” We ran 10 000
iterations, resulting in a PNEC distribution rather than a sin-
gle value. Further detail regarding the methodology can be
found in Coll et al. and Wigger et al.*”*®

2.3 Risk assessment

In order to characterize the environmental risk surrounding
NC according to the European Regulation,” both the expo-
sure and hazard needed to be assessed. This was done by de-
termining the predicted environmental concentration (PEC)

This journal is © The Royal Society of Chemistry 2019
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through an exposure assessment, and the predicted no-effect
concentration (PNEC) through a hazard assessment. The risk
characterization ration (RCR) was then calculated by dividing
the PEC by the PNEC:

RCR = PEC/PNEC

An RCR greater than 1 indicates that a risk does exist
within the environmental compartment under consideration
(surface water, soil, etc.), and that further risk management
actions are required. An RCR below 1 indicates that there is
no risk under the considered study conditions. In light of the
probabilistic approach taken in this study, an RCR distribu-
tion, rather than a single value, was calculated by dividing all
values of the PEC distribution by all values of the PNEC
distribution.>”*®

3. Results

3.1 Exposure assessment

3.1.1 Production volume over time. Following the method-
ology presented in Gottschalk et al,** the production volume
distribution was computed based on three data sources re-
garding NC production volumes (Table S17). Fig. 1 shows the
evolution of nanocellulose production. Production grows
from an average 1405 t in 2010 (Qq5 = 84 t, Qg5 = 2971 t), to
1865 t in 2015 (Qy5 = 181 t, Qg5 = 5212 t), and up to 30603 t
in 2025 (Qq5 = 1431 t, Qg5 = 64157 t). Due to the optimistic
growth forecasts of NC production, there is a steep increase
in volume between 2015 and 2025. The decrease in uncer-
tainty in 2015 visible from the grey lines in Fig. 1 is due to it
being the reference year, i.e. the year from which the produc-
tion volume data used in the model is based. The further
away a year is from the base year, the larger the relative un-
certainty becomes in the model.

4 E = . :
00000 Single simulation
350000 A Mean values
e iee 15% Quantile
'E‘ —--=- 85% Quantile
O 250000 A
2
Q
S 200000 4
°
o il
5 150000
O
= 100000 -
50000 1
o -
2000 2005 2010 2015 2020 2025
Year

Fig. 1 Evolution of nanocellulose production between 2000 and 2025
in Europe. Each grey line represents a single simulation, the yellow line
the mean of these simulations, and the two blue lines the 15% and 85%
quantiles. The uncertainty for years prior to 2015 is presented because
no historical data on the true development of nanocellulose are
available.
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3.1.2 Product distribution. In our reference year 2015, the
‘R&D’ category represents approximately three quarters of the
share of produced NC, used in pilot scale plants or for re-
search purposes (Fig. 2). This share was inferred from Euro-
pean production capacity of pilot versus commercial scale
plants® and discussed with experts, as we were unable to find
more precise information in the literature or market reports.
The remaining 25% is attributed to various applications iden-
tified in the literature, the largest shares being ‘paper and
board’, followed by ‘packaging’ and ‘filtration and
separation’.

We assumed that 100% of nanocellulose produced in 2000
went into R&D, and that this share decreases linearly to 2025,
using the 2015 shares mentioned above as a reference. Fig. 2
shows the mean share of each product category. The mini-
mal, mean and maximal values used for the distributions can
be found in Table S2.}

For ease of reading, we merged the categories representing
under 3% of applications in 2025 into an ‘other’ category in
Fig. 2. These are ‘aerogels’, ‘rheology modifiers’, ‘printed and
flexible electronics’, ‘rubber and tire additives’, and ‘color-
ants’. However, each of these categories was treated indepen-
dently in the model, with specific lifespans, release dynamics
and EoL fate. The ‘medical and healthcare’ category, within
‘other’, was further subcategorized in the model, as the types
of applications identified in the literature were quite varied,
with different EoL and waste management implications. It is
composed of ‘drug delivery’, ‘medical implants’, ‘tissue engi-
neering’, ‘wound dressings’, and ‘lateral flow immunoassay la-
bels’. The share of the ‘medical and healthcare’ category was
evenly distributed between these five subcategories, as no de-
tailed information regarding each application was found.

3.1.3 Release dynamics. The flows from ‘PMC’ to the vari-
ous stocks and sinks is dependent on the product distribu-
tion, as different products will have different lifespans, re-
lease characteristics, and EoL fate (Table 1). Each application
of the product distribution was characterized in terms of use
and release dynamics. For a given application, a certain share
of NC contained in the product will be released during its
use phase, over a certain amount of time depending on the

=3 R&D

[ Paper & Board
[ Other

B Packaging
[ Filtration
I Textile

% of total production

2000

2015
Year

2025

Fig. 2 Allocation of nanocellulose to product categories in 2000,
2015, and 2025.
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Table 1 (continued)
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product's lifetime and characteristic. This NC will end up in
various environmental compartments. Data relating to the re-
lease of NC from various applications remains scarce. There-
fore, in our model we used data from studies that looked at
similar applications but containing other nanomaterials, as
can be seen in the “reference-column” of Table 1. It should
be noted that this creates considerable uncertainty surround-
ing these numbers, and details about the assumptions made
can be found in the ESL} The NC that was not released dur-
ing the use phase will be released during the product's EoL,
again over a certain amount of time depending on the prod-
uct's characteristics, which will also define in which waste
category the product and NC will end up. The fate of the vari-
ous waste categories is based on European waste manage-
ment data, and from there will enter various technical and/or
environmental compartments (Table S37).

For example, all NC from the ‘paper and board’ product
category is released at the products’ EoL, with there being no
use-release for this category. Its EoL-release is split between
82% going to ‘reprocessing’ (mean percentage of distribu-
tion), and the remaining 18% going to mixed municipal solid
waste (MMSW), ending up in ‘landfilling’ and ‘WIP’. Another
example is the ‘textile’ application, where 3% of the mate-
rials is released during the 3 year average use-phase of the
product. Of this 3%, 50% is released into ‘wastewater’ and
‘air’ in the first year, 30% in the second and 20% during the
third. The remaining 97% is released at the products' EoL,
with close to a third being sorted, and the remained going to
MMSW (‘landfill’ and ‘WIP’).

3.1.4 Flows, stocks and sinks. Nanocellulose release in
2015 was calculated by considering the historical input from
2000 and considering product-specific direct and delayed re-
leases. The same was done for 2025, by considering future
NC demand volume estimates. The distribution of NC inflows
between the various technical and environmental stocks and
sinks in 2015 and 2025 can be seen in Fig. 3. Although all
compartments see an increase in volume of inflows between
the two years, inflows to the ‘elimination’, and ‘landfill’ com-
partments, already the largest in 2015, increase most mark-
edly by 2025.
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Fig. 3 Inflow of nanocellulose to various stocks and sinks in 2015 and

2025 in Europe. ‘ST soil’ represents sludge-treated soil.
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The mass flows of NC in 2015 and 2021 and the links be-
tween the various compartments are represented in Fig. 4. The
model input flow is the production volume, in tons per year.
The largest share of this flow is directly released to the various
technical compartments. Just under a third of the inflow to
‘production’, ‘manufacturing’, and ‘consumption’ (PMC) en-
ters the ‘in-use stock’, which will be released during later
time-periods, as certain considered products have lifetimes of
over one year. In both 2015 and 2025, the volume of NC in the
‘in-use’ stock is almost equal to the yearly volume being pro-
duced. Detailed flow results can be found in Table S4.f

The ‘landfill’ compartment represents by far the largest
sink within the system boundary, having accumulated over
46 000 t by 2025. Most NC entering ‘WIP’ will end up in the
‘elimination’, which has accumulated over 53 000 t by 2025.
Similarly to the ‘in-use stock’, flows to the three technical
sink compartments (‘landfill’, ‘reprocessing’ and ‘on-site
treatment’) show high accumulation rates of NC compared to
yearly inflows. This is also true for the flows into the environ-
mental sink compartments (‘soils’, ‘surface water’ and ‘air’),
although the flows are smaller than those to technical com-
partments. This temporal consideration of past production
and release dynamics greatly affects the volumes of NC
within a compartment.

Certain applications are likely to release NC into wastewa-
ter during their use period, for example ‘textiles’, ‘rheology
modifiers’, or ‘construction and building’ materials, as well
as the aforementioned ‘R&D’ category. The largest share of
NC entering the ‘wastewater’ compartment will flow into the
‘sewage treatment plant’ and end up in ‘soils’, ‘WIP’ or
‘landfills’. The remainder either goes into the ‘on-site treat-
ment’ compartment, or exits the system to the ‘subsurface
water’ or ‘surface water’ sinks. Lastly, materials leaving the
system through ‘export’ are shares of WEEE, automotive
waste, and textile waste that will be further processed outside
of the system boundary.

3.1.5 Dynamics. The evolution of the ‘in-use’ stock, and
‘elimination’, ‘soil’ (both ST soil and NU soil), ‘surface water’
sinks can be seen in Fig. 5. The ‘soil’ sink, specifically ST
soil, is the environmental compartment that accumulates the
largest amount of NC, and although the volumes released to
the aquatic environment are relatively low, they are relevant
to the risk assessment performed in this study. Many poten-
tial applications have a lifetime longer than a single year,
explaining the strong, steady growth of the ‘in-use’ stock, as
the R&D share slowly relatively decreases with time and more
applications enter the market. The growth of NC in the ‘elim-
ination’ compartment, representing the NC that has been
combusted in the WIP, is also tied to this increasing com-
mercialization and to many applications being collected in
MMSW, ending up in ‘WIP’ and ‘landfill’.

3.2 Hazard assessment

Five ecotoxicology studies meeting our probabilistic species
sensitivity distribution (PSSD) criteria were identified through
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a literature review. These covered 8 species and 76 endpoints,
all representing the surface water compartment. The avail-
able data restricted us to only develop a PSSD for the surface
water compartment, with there being insufficient endpoints
for soil. The extensive aquatic toxicity study by Kovacs et al.>°
was the source of 53 of these endpoints. Complete informa-
tion regarding studies, species, concentrations, and end-
points can be found in Table S5.f

The PSSD was build by combining the sensitivity distribu-
tions of the eight species (Fig. 6). Taking the 5th percentile of
the PSSD allowed us to calculate the predicted no effect con-
centration (PNEC) probability density distribution (Fig. S17),
made up of 10000 values from the 10000 PSSD iterations.
The mean value of the PNEC distribution is 7.69 mg 17", the
mode 2.11 mg 17", Q;5 1.86 mg 1*, and Qg5 14.08 mg 17",

3.3 Risk characterization

The PEC distributions for 2015 and 2025 were computed
based on the mass of NC in the surface water in those years,
resulting from the Dynamic Probabilistic Material Flow Anal-
ysis (DPMFA). To determine the concentration of NC within
the surface water compartment, the mass of NC in the sur-
face water compartment was divided by the volume of the
compartment. As the mass in the surface water compartment
is a probability density function, each value was divided by
the compartment volume in order to obtain a predicted envi-
ronmental concentration (PEC) distribution. In Fig. 7, the
PEC and predicted no effect concentration (PNEC) distribu-
tion are compared on a logarithmic scale, for both 2015 and
2025. No overlap is visible for either years, implying that
there is no risk considering the conditions of this study. We
can however see that the PEC distribution in 2025 is slightly
further to the right than in 2015, indicating an increase in
concentration between these two years.

The risk characterization ratio (RCR) distributions for
2015 and 2025 were computed by dividing all the values of
the PEC distribution by all the values of the PNEC distribu-
tion (Fig. S2a and S2bf). In order to determine single RCR
values, the mean, mode, median, Q.5 and Qg; values were cal-
culated (Table 2).

4. Discussion

This study aimed to quantitatively assess the environmental
risk of nanocellulose (NC) within Europe using a dynamic
and probabilistic modeling approach. Overall, the results
show a low risk surrounding this material, considering both
current production volumes as well as future growth projec-
tions. Comparing the risk characterization ration (RCR) value
for NC with those of other ENMs from past studies allows for
a better contextualization of its risk within the nanomaterial
domain. The study by Coll et al.*’ that looked at the risk of
five nanomaterials, showed RCR mode values in the freshwa-
ter compartment ranging from 0.03 for nano-TiO,, to <0.01
for CNT and fullerenes. The RCR of NC is therefore similar to
those of these two carbon-based ENMs, nearing zero. Even

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Results of material flows of nanocellulose in 2015 (top) and 2025 (bottom) in tons in Europe. Values are means of the probabilistic
distributions. Technical and environmental compartments are represented as boxes, and flows between these compartments as arrows, with
arrow thickness varying based on volumes of the flows. The black boxes within compartments represent stocks, i.e. the amount of NC having

accumulated over time.
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Fig. 5 Evolution of (a) ‘in-use’, (b) ‘elimination’, (c) ‘soil’ (ST soil and NU soil), and (d) ‘surface water’ compartments in Europe. Different y-axis

ranges were used to better represent the growth of each compartment.

when considering increased accumulation and production of
NC over time, the RCR value for 2025 remains well below
one, indicating that toxicity values are greater than the PEC
in the freshwater compartment. These results were expected
due to the nanomaterial's bulk form, cellulose, being non-
toxic, and past toxicological studies having largely shown low
toxicity of the material (e.g. ref. 51-53). However, the ecotoxi-
cological literature surrounding NC remains scarce, and a
number of studies put forward the existence of knowledge
and data gaps.'”*°

Current and future production volumes of NC remain
highly uncertain. Although using a probabilistic approach
does allow to account for this high uncertainty, having more
sources would increase the robustness of the model. The
three sources used as input data for our model varied sub-
stantially, and the lack of current and past production data
means that any forecast needs to be treated with caution.'?
On the other hand, the high volumes used as input in this
model allow to represent a ‘worst case scenario’, with high
production volumes leading to high concentrations in techni-
cal and environmental compartments, and therefore also a
‘worst case’ RCR. As our model is based on data from 2015, a
qualitative comparison of 2019 predictions and its current
status show the rate of commercialization is likely
overestimated in the production data sources used. Although
information regarding the current status of nanocellulose-

2528 | Environ. Sci.: Nano, 2019, 6, 2520-2531

based products on the market was difficult to come by, infor-
mal interviews with experts in the field corroborated out as-
sumption about overestimated 2019 volumes, as many appli-
cations are still at pilot scale, and the predicted growth in
production not yet having been observed.

In 2015, three quarters of produced NC was allocated to
R&D, as many applications are only expected to reach commer-
cialization in the upcoming years. This strongly influences the
flows of the material within the system, as the NC in the R&D
category was treated as having a lifespan of one year, with
95% of it being released at its EoL into mixed municipal solid
waste (MMSW), and 5% being released into wastewater during
its use phase. As applications reach commercialization over
the years, thereby reducing the share of R&D, the stocks and
flows will likely significantly change. As more products reach
commercialization, the flows into sorting and reprocessing will
likely grow, as many of the more prominent product categories
have high recycling rates, for example paper and board, pack-
aging, and textiles. Our model currently treats reprocessing as
a sink. However, a next step would be to make this more real-
istic by detailing the fate of NC entering this compartment,
and identifying in which environmental or technical compart-
ments it may end up.

We were only able to compute a PSSD for the freshwater
compartment due to missing data availability for soils and
sediments. The choice of Kovacs et al.>® to focus on aquatic

This journal is © The Royal Society of Chemistry 2019
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species for an in-depth ecotoxicity study of NC was justified
by the wastewater stream having the highest potential for ac-
cidental release, with releases to soils and air considered im-
probable on a broad scale. However, the results from the
DPMFA in this study show significant flows of NC to both
natural and urban soils and sludge treated soils, and particu-
larly important accumulations in the latter via wastewater
treatment plants. There is also release directly from the
use phase of products, due to applications such as rubber
and tire additives and rheology modifiers, which are likely to
grow in the future. The study by Vikman et al.>* found cellu-
lose nanofibers (CNF) based packaging products to be biode-
gradable and compostable, and the ecotoxicological test
performed in a compost environment did not show toxicity.
However, more ecotoxicity tests looking at species in the soil
compartment would be useful to develop a PSSD and quanti-
tatively assess the risk within this compartment. Additional
studies looking at the freshwater compartment would also
help strengthen our results. According to European require-

15
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[ PEC 2025

— PNEC

Density

0.5

log(ug/)

Fig. 7 Comparison of the 2015 and 2025 predicted environmental
concentration (PEC) distributions and the predicted no-effect concen-
tration (PNEC) distribution. An overlap of PEC and PNEC curves would
signify that a risk is present.
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Table 2 Risk characterization ratio of nanocellulose in the surface water
compartment in 2015 and 2025

Mean Mode Median Q15 Qgs
2015 6.9x10° 2.0%x10° 34x10° 1.1x10° 1.2x10"
2025 71x10* 26x10* 34x10?% 1.0x10* 1.2x107°
ments,”” a minimum of ten species from eight taxonomic

group are necessary to create a robust SSD. The PSSD in this
study was based on eight species covering seven taxonomic
groups. Although still allowing to produce useful results,
these could be reinforced with additional aquatic ecotoxico-
logical NC endpoints.

The PEC values reported in our model do not include any
environmental fate processes such as degradation or agglom-
eration and sedimentation. We are therefore not providing
real environmental concentrations but “release concentra-
tions”, quantifying the total amount of NC that ends up in an
environmental compartment. By considering environmental
fate processes, environmental fate models for nanomaterials
such as SimpleBox4Nano®” or NanoFate®® are able to predict
distribution and concentrations in different environmental
compartments.”” These fate models use the environmental
release data provided by material flow models such as the
one used in our current work. The PEC values provided by
our model constitute a worst-case assessment by not consid-
ering potential degradation or agglomeration of particles.
Within a prospective assessment, such an approach is justi-
fied, especially considering the fact that the exposure concen-
trations are many orders of magnitude smaller than the
PNEC. Therefore reducing the PEC will even further decrease
the risk characterization ratio.

A validation of the modelled released amounts or PEC
values by measurements is not possible at the moment. This
issue is not specific to NC but hampers all nanomaterial ex-
posure assessments. Nowack et al.>' have discussed in detail
that the results currently provided by analytical methods are
not yet specific to engineered nanomaterials or are just not
sensitive enough to reach realistic environmental concentra-
tions. The available measurements cannot currently be used
to validate the results of modeling studies, but they can pro-
vide orthogonal information to get a complete understanding
of the presence of natural and engineered nanoparticles in
the environment.

5. Conclusion

Considering the interest that NC is receiving from research
and industry, as well as the number of novel applications
rapidly being developed, it is crucial that in-depth risk analy-
ses are performed to ensure that all safety aspects have been
considered before commercialization. Despite the significant
uncertainties surrounding the NC data used in our model,
this study allows for a first prospective assessment of NC, at
a regional scale with concentrations averaged across the terri-
tory. A next step would be to assess local concentrations, for
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a more detailed view of potential hotspots and variations
within Europe, although the current scarcity of information
regarding NC production would make this challenging. Nev-
ertheless, results from this first quantitative risk assessment
give an optimistic outlook for the future of this material.
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