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Life cycle assessment is used during the developmental stages of products and technologies. In the case of

emerging technologies such as engineered nanomaterials there are limitations in using life cycle assess-

ment to evaluate the direct environmental and human health impacts from emissions of nanomaterials

themselves. This is due to the limited life cycle inventory data and life cycle impact assessment models cur-

rently available for describing the fate, exposure and effects of engineered nanomaterials in the environ-

ment. Specifically, current life cycle impact assessment methodologies do not include characterization fac-

tors for nanomaterials. Engineered nanomaterials may be emitted throughout the life cycle of a product,

for example, in the occupational setting where there may be constant interaction between workers and

large volumes of loose nano-powders. This paper presents a dynamic model that is intended for use in life

cycle impact assessment methods to quantify the fate, exposure and human health effects of engineered

nanomaterials. Using the case-study of nano-TiO2 emissions in the indoor workplace, nano-specific life cy-

cle assessment characterization factors are presented. Compared to previously published steady-state

models, the results of the current study demonstrate a much lower exposure potential, expressed as the

‘retained’-intake fraction of nano-TiO2 in the lung over the total emitted amount. Furthermore, the results

indicate that smaller emissions lead to greater fractional deposition. Thus, an inverse relationship between

the total indoor air emissions of nano-TiO2, and the resulting magnitude of the characterization factor was

seen.

1. Introduction

Engineered nanomaterials (ENM) provide benefits across
many sectors,1 but they also raise concerns regarding poten-

tial environmental and human health hazards.2–4 While
nanotechnologies can be evaluated with life cycle assessment
(LCA) to determine their potential resource efficiencies and
environmental and human health impacts, LCA does not
evaluate the direct environmental and human health hazards
posed by ENM emissions across their life cycles.5,6 While it is
possible to build life cycle inventories (LCI) that estimate and
quantify ENM emissions,7–10 currently available life cycle im-
pact assessment (LCIA) methodologies do not cover nano-
specific characterization factors (CF) that are necessary for
quantifying the fate of, exposure to, and impacts from those
emissions in an LCA.11 A few studies have made first approxi-
mations to define nano-specific CF,12–16 but otherwise the

Environ. Sci.: NanoThis journal is © The Royal Society of Chemistry 2017

a ISM, UMR 5255, Univ. Bordeaux, F-33400 Talence, France.

E-mail: guido.sonnemann@u-bordeaux.fr
b CNRS, ISM, UMR 5255, F-33400 Talence, France
c Bren School of Environmental Science & Management, University of California,

Santa Barbara, CA 93106-5131, USA
dCenter for Environmental Implications of Nanotechnology (UC CEIN), University

of California, Santa Barbara, CA, USA

† Electronic supplementary information (ESI) available. See DOI: 10.1039/
c7en00251c

Environmental significance

Nanomaterials possess an endless range of possible sizes, shapes, types and compositions that are being used to drive the development and production of
new and emerging technologies. Concurrently, this these materials pose potential ecological and human health hazards if emitted into the environment.
Moreover, their new and varied properties introduce challenges to existing tools such as life cycle assessment that aim to identify and minimize a product's
negative impact on the environment. This paper presents an approach and discusses the findings of trying to introduce dynamic fate and exposure
modeling into life cycle impact assessment methods in order to address the current gap in human health impacts from indoor air emissions of engineered
nanomaterials in life cycle assessment.
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direct impacts from ENMs have not been addressed by past
LCA studies on ENMs.14,17 Additionally, ambient (i.e. out-
door) emissions have historically been the focus of LCIs,18 as
is reflected in the scope of nano-specific CFs published to
date. However, indoor emissions, particularly in occupational
settings, can be important contributors to the overall LCA
results.18–22 Neglecting such emissions and their potential
impacts in an LCA may result in burden shifting from the en-
vironment to workers.

Currently, LCIA models exploit several assumptions that
describe the fate and transport of small organic molecules
and metals well, but these methods are not appropriate for
ENMs.23 Traditional characterization models assume steady-
state conditions or thermodynamic equilibrium,24,25 ignoring
the changes in concentration of the pollutant over time.
Therefore, these models rely on (equilibrium) partition coeffi-
cients (e.g. octanol–water partition coefficient, Kow) for esti-
mating the fate of pollutants.

However, ENMs behave like colloidal substances that exist
in their own phase when released into a specific medium.26

Therefore, ENMs are not thermodynamically stable, even if
some may be kinetically stable for long periods of time.23 In
other words, ENM concentration ratios between two me-
diums cannot be predicted from a previously measured parti-
tion coefficient after the further addition or removal of ENMs
from that system.23 Instead, the behavior of ENMs in the en-
vironment is concentration dependent. Consequently, their
behavior in the environment can be estimated kinetically
using dynamic models that describes the rates of the pro-
cesses that control their behavior,13,23 such as homo- and
hetero-aggregation27 or even clearance and retention from an
organism.28–30 While recent adaptations to existing LCIA
models have been made to estimate both ecotoxicity12–14,16

and human health toxicity15,16,31 impacts, steady-state as-
sumptions were used in all cases.

Thus, the aim of this paper is to present a dynamic model
for estimating the human health impacts of ENMs in occupa-
tional, indoor environments. While previous studies have
looked at the ambient emissions and impacts to the environ-
ment from mainly risk assessment perspectives,27,32,33 this
paper focuses specifically on LCIA methods for calculating
the impacts of occupational, indoor air ENM emissions due
to the potential exposure to uniquely high volumes of these
materials. The approach presented in this paper is applied to
nano-TiO2, which is an ENM produced and used in high vol-
umes globally and across many industries.34–38

2. Methods

A dynamic LCIA model is presented for calculating the hu-
man health impacts from occupational, indoor air emissions
of metal oxide nanoparticles, with a focus on nano-TiO2. Spe-
cifically, a CF (eqn (1)) for use in LCA is defined as
follows:39,40

CFi,j = iFi,j·EFi (1)

The CF is based on the concept proposed in USEtox39,41

for calculating the human health life cycle impacts resulting
from the emission of a substance (i) in a specific exposure
scenario (j), given its intake fraction (iF) and its effect factor
(EF). The iF represents the ratio of the mass of substance to
which one is exposed per mass of the total emitted sub-
stance. The EF is defined by the toxicological dose–response
relationship of the substance. Unlike in USEtox, the iF in this
paper is not estimated using (equilibrium) partition coeffi-
cients characteristic of steady-state models. Instead, a
retained-intake fraction (RiF) was derived from a dynamic
fate and exposure models described in further detail in the
following sections.

2.1 Exposure scenarios and occupational, indoor air
emissions of nano-TiO2

A total of 6 exposure scenarios (ES1–ES6) were modeled
based on a previous occupational risk assessment involving
nano-TiO2.

42 These 6 scenarios were variations of a single
representative workplace-activity involving the handling of
nano-TiO2 (Table 1).

The exposure scenarios were adapted from a single sce-
nario from the NANEX (www.nanex-project.eu) database.
These scenarios describe a situation where pre-fabricated
nano-TiO2 were handled, poured and transferred into large
vessels. Thus, these scenarios do not estimate exposure dur-
ing the production of nano-TiO2. Potential emissions during
production were not included based on the assumption that
the manufacture of ENMs is more likely to occur under auto-
mated, enclosed settings where fugitive (i.e. accidental) expo-
sures were near zero. Emissions rates (E, mg min−1) were esti-
mated as a function of the total mass of nano-TiO2 handled
(Ahandled, kg), the dustiness index (DI, mg of dust per kg of
material) of nano-TiO2 and the handling energy factor (H,
unit-less) of the work-related activity (eqn (2)).43

(2)

twc is the duration (min) of the work activity and the DI for
nano-TiO2 was defined as 15 mg kg−1.42 H is based on a scale
of 0–1, whereby 0 is a no-energy event (e.g. no handling of
the material) and 1 is a high energy event (e.g. dropping from
greater than a height of 2 m).44

The exposure scenarios represent variations of the same
handling activity defined by differences in (a) the emission
rate, E, and (b) the frequency of the work-cycle activity, f (i.e.
a function of both duration and length of emission). ES1,
ES2, ES3 and ES4 all had the same emission rates but at vary-
ing frequencies of 60 min emission events (i.e. work-cycle)
with 60 minute pauses in between, 480 min all-day emission
events with no pauses, and 1 min emission events with an in-
definite pause the remainder of the workday, respectively.
Compared to ES1 whose frequency of 10 min was defined as
short, ES2, ES3 and ES4 represent long, daily (i.e. non-
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interrupted) and single-pulse frequencies, respectively. Con-
versely, ES5 and ES6 had the same emission frequencies as
ES1 but modified emission rates that were 2- and 4-orders of
magnitude smaller than ES1, respectively. Compared to ES1
whose emission rate was considered high, ES5 and ES6 were
considered medium and low rates, respectively. Emissions,
according to the work-related activities described for ES1–
ES6, were assumed to take place during an 8 hour work pe-
riod, 5 days a week, 50 weeks per year (i.e. 2 weeks of holiday
and time off, apart from weekends).

2.2 Fate and transport of airborne nano-TiO2

In this paper, a two-zone, dynamic fate and transport model
is presented for use with indoor, occupational ENM airborne
emissions (Fig. 1).

A single emission source was modeled located inside a
near-field (NF) zone. The remaining indoor air room volume
was defined as the far-field (FF) and should not be confused
with outdoor air volumes. The NF is defined as the volume of
a hemisphere with a radius of 0.8 m. This radius corresponds
to being an arm's length away from the source of emission44

and relevant given the workplace activities described in ES1–
ES6. Both NF and FF zones were modeled as well-mixed com-
partments connected by advective air flow.45 Existing LCA in-
door air LCIA methods utilize a one-box model under the as-
sumption that there is only one emission source in a well-
mixed room46 (eqn (3)):

(3)

where V is the volume (m3) of the compartment (i.e. the one-
box), Ci is the concentration at a given time-step (μg m−3),
Ci-1 is the concentration at the previous time-step and Q is
the ventilation rate (m3 h−1). In the case of indoor air emis-
sions from single point sources, it can be anticipated that
large concentration gradients will exist between the point of
emission and points further away from the source.47 To ac-
commodate for imperfect mixing, LCIA methods can use a
mixing factor, m (eqn (4)).20,31,39,46

(4)

However, the use of m may result in underestimations of
NF exposure upwards of 50% compared to the results of a
two-zone model.45,47 Thus, in this paper a two-zone model
was used to address the difference between NF (eqn (5)) and
FF (eqn (6)) concentrations of airborne nano-TiO2.

(5)

(6)

β is the inter-zonal advective exchange rate (m3 min−1)
connecting the NF and FF air volumes. It was defined as the

Table 1 Parameters used in the emissions and fate and transport models describing the exposure scenarios where various amounts of nano-TiO2 pow-
der are transferred into a vessel. The exposure scenarios were defined by the magnitude of the emission per minute, E, and the frequency of the work-
cycle activity, f, the handling energy factor, H, the work cycle time (i.e. duration of the work-related activity), twc, the pause between work cycles, pwc,
the number of work cycles, nwc, the amount of material transferred per transfer event within each work cycle, Ahandled, the total volume of the work
room, Vtot, and the air exchange rate of the work-room AER

No. Exposure scenario Ei,j [mg min−1] Hj twc,j [min] pwc,j [min] nwc,j Ahandled,j [kg] Vtot,j [m
3] AERj [h

−1]

ES1 e-high, f-short 6.72 × 102 0.80 10 20 16 5.60 × 102 100 8
ES2 e-high, f-long 6.72 × 102 0.80 60 60 4 3.36 × 103 100 8
ES3 e-high, f-daily 6.72 × 102 0.80 480 0 1 2.69 × 104 100 8
ES4 e-high, f-single pulse 6.72 × 102 0.80 1 0 1 5.60 × 10 100 8
ES5 e-medium, f-short 6.72 × 10 0.80 10 20 16 5.60 × 10 100 8
ES6 e-low, f-short 6.72 × 10−2 0.80 10 20 16 5.60 × 10−2 100 8

e: Refers to an abbreviation of the emission rate, E, specifically for categorizing and naming the exposure scenarios.

Fig. 1 Representation of the model used to estimate the emissions (E)
and characterize the fate and transport of nano-TiO2 in an indoor,
two-zone occupational exposure scenario. The fate and transport
model accounts for interzonal air transfer (β) between the NF and FF,
air exchange (Q) between the indoor and outdoor air as well as non-
advective sources of fate (ki) such as aggregation and gravitational
settling.
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volume of air entering and leaving through half of the curved
surface area of a hemisphere, whose radius, r (m), was equal
to that of the NF, and the average air speed (m s−1) between
the NF and FF, s (eqn (7)).45

βj = sj·π·rNF,j
2 (7)

ENMs settle out of the air at a relatively slow rate,48 thus
when indoor ENM emissions rates are sufficiently low and
ventilation rates are high, steady-state ventilation models may
adequately describe particle loss and estimate indoor ENM
concentrations.31 However, these conditions may not always
be met, as has been demonstrated for organic chemicals.40

For ENMs, this means other non-advective sources of particle
loss such as homo- and hetero-aggregation and gravitational
settling should be considered.31 The introduction of non-
advective sources of particle loss (k) in a two-zone, dynamic
model is represented by eqn (8) and (9).

(8)

(9)

where k is any process of non-ventilation (z) removal, VNF is
the near field volume and VFF is the far field volume. Non-
ventilation particle losses considered in this model are (i)
homo- and hetero-aggregation, herein referred to as aggrega-
tion, and (ii) gravitational settling. Aggregation was estimated
using a first order rate constant (kh) of 9.4 × 10−5 min−1.27 The
removal, kset, due to gravitational settling, based on Stokes'
Law, is defined by eqn (10):

(10)

where vset is the settling velocity (m min−1), ρp is the particle
density (kg m−3), de

2 is the equivalent volume diameter (nm),
g is the gravitational force, CS is the Cunningham slip correc-
tion factor (unit-less),49 n is the viscosity of the medium (kg
m−1 min−1), x is the dynamic shape factor (unit-less, i.e. per-
fectly spherical materials have a value of 1), and h is the
height (m) of the emission source. Gravitational settling is
likely to be more important for ENMs and aggregates that are
≥100 nm, while Brownian motion might be more important
for ENMs below 100 nm, although this distinction is not abso-
lute and may differ based on the properties of the ENM under
consideration.29,31,50 Particles that deposit onto surfaces
could potentially be re-suspended, attach to the skin upon
contact from a surface or be removed by cleaning (e.g. sweep-

ing). It was assumed that there was no direct contact to con-
taminated surfaces with the skin and that all of the nano-TiO2

deposited onto the ground was cleaned each day and not
allowed to accumulate. All the parameters and their corre-
sponding values that were used to run the fate and transport
model are listed in Table 2. The model was constructed in
MatLab 9.0 (MathWorks, USA).

2.3 Exposure to occupational indoor air concentrations of
nano-TiO2

Regarding human exposure to ENM, emissions may be taken
up by inhalation, through direct contact with skin, or inges-
tion. While all routes of exposure are important to consider,
this study focuses on the inhalation of airborne nano-TiO2 in
the occupational setting. Exposure during work-related activi-
ties was assumed to occur only in the NF, while workers were
assumed to be exposed in the FF during non-work cycles (i.e.
pause cycles). A physiologically-based pharmacokinetic
(PBPK) model was adapted from Li et al.28 to establish the
deposition and retention of nano-TiO2 in the lung over time.
This model was originally built to estimate the exposure of
inhaled cerium oxide nanoparticles in rats, and was adapted
for human-based PBPK modeling upon inhalation of nano-
TiO2 using human-relevant parameter values for human,
adult, male lungs (see ESI†).53–58 The reader is referred to Li
et al.28 for complete details on the model, but a brief explana-
tion follows.

The overall exposure model does not consider the use of
personal protective equipment (PPE) but assumes direct
interaction between the airways and indoor air. The MPPD
v3.01 dosimetry model was used to derive values of regional
(fractional) ENM deposition in the lungs (see ESI†).59 Because
MPPD v3.01 does not model deposition and clearance under
variable exposure conditions, MPPD data was fed into the
PBPK model to estimate bio-distribution in the lung. The
PBPK model estimated the final retention in the lung after
considering (i) mucociliary clearance, (ii) phagocytosis and
(iii) translocation of nano-TiO2 into systemic circulation.28

The model estimated deposition in (i) the head or upper air-
ways, (ii) the tracheobronchial region, and (iii) the pulmonary
regions of the lung (i.e. air exchange occurs at the alveoli).
Flow- and diffusion-limited processes, defined by permeabil-
ity and partition coefficients (not to be confused by partition
coefficients previously discussed for steady-state fate and
transport modeling), governed the exchange of ENMs with
blood and tissues (see ESI†). PCs had organ-specific satura-
tion levels that limited their rate of ENM sequestration as
PCs reached saturation. Finally, the mucociliary clearance
rate was defined as a constant, irrespective of ENM loading
in the lung. It was shown that pulmonary clearance of partic-
ulates is 10 times faster in rats compared with humans.60

This might be partially explained by the greater mucociliary
clearance rate in rats compared to humans. Thus, the trans-
port factor governing translocation of loaded-PCs to the tra-
cheobronchial region was defined as 1.44 × 10−6 min−1, which

Environmental Science: NanoPaper
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is one order of magnitude slower than reported by Li et al.28

Exposure was expressed as total wet lung burden and
reported as an internal mass dose of nano-TiO2 per mass of
wet lung. The wet lung was defined as the pulmonary and
interstitial regions of the lung and the corresponding blood
and PCs found in those compartments, while excluding the
upper airway and trachea–bronchial regions. The PBPK
model was implemented in Berkeley Madonna™ version
8.3.23 (Berkeley, CA).

2.4 Retained-intake fraction of nano-TiO2 emissions to
occupational indoor air

The emissions and resulting exposures were combined into
an overall RiF, which represents a ratio of the average inter-
nal wet lung mass dose of TiO2 (EXPint) per average lifetime
emitted mass of TiO2 (Elife). This is different from traditional
inhalation iF, which is the inhaled amount per emitted
amount.61 Two different time-horizons were used to repre-
sent limited (i.e. ‘acute’) and chronic exposures, defined
using a (i) 1 year and (ii) 45 year (i.e. lifetime) work period,
respectively. The time-weighted average wet lung burdens
were calculated over an assumed life expectancy of 70 years,
defined by periods of (i) non-work years from 1–20, (ii) work
years from 21–65 and (iii) non-work in their retirement years
from 66–70. Thus, the model assumed emissions that oc-
curred according to the working conditions described in sec-
tion 2.1 (i.e. emissions during working hours and workdays)
throughout a pre-defined set of working years between ages
20–65 irrespective of whether the person was employed for
the 1 year or 45 years. Therefore, the 1 year time-weighted
lung burden assumed one year of exposure given 70 years of
emissions, while the lifetime time-weighted lung burden as-

sumed 45 years of exposure given 70 years of emissions.
These wet lung burdens were then divided through by the 70
year life expectancy to obtain a total retained wet lung bur-
den over lifetime. Finally, the 1 year and lifetime ratios of
lifetime wet lung dose and lifetime of emissions were scaled
by the number (population) of workers (POP) inside of the ex-
posure zones to define the final RiF values (eqn (11)).

(11)

The number of exposed workers was estimated from
Walser et al. and defined as a lognormal distribution with a
geometric mean of 8.7 and geometric standard deviation of
2.8 (see ESI†).31 Three different POP scenarios were defined
as low, average and high. These three scenarios represented
the 5% confidence interval, geometric mean and 95%-CI of
the distribution, respectively.

2.5 Dose–response relationship and effect factor for nano-TiO2

The EF is interpreted from the underlying dose–response re-
lationship of a substance.41 The EF was estimated based on
the USEtox approach,41 defined according to eqn (12):

(12)

where ED50,h,int,i is defined as the human-equivalent (h) dose
at which 50% of population experiences a carcinogenic or
non-carcinogenic impact upon inhalation exposures and
where 0.5 represents the fraction of the worker population
that experiences the adverse human health impact.41 Unlike

Table 2 Parameters and their values used in the fate and transport model that describes the occupational workplace settings for ES1–ES6

Parameter Description Value Units Additional information

r Radius of near-field 0.80 m Average arm's length from emission source44

VNF Volume of the near-field 1.07 m3 Volume of a hemisphere with radius, r
VFF Volume of the far-field 98.9 m3 Defined as Vtot − VNF, where Vtot is 100 m3

β Inter-zonal air flow 21.9 m3 min−1 Eqn (7)
s Air flow between near- and far-fields 0.18 m s−1 Calculated from reported (measured) indoor air speeds

at occupational workplaces dealing with powder mixers
and packers, excluding the outlier (see ESI)51

kh,a Aggregation rate constant 9.4 × 10−5 min−1 First-order rate constant in air27 assumed for both homo-
and hetero-aggregation.

νset Gravitational settling based on Stoke's law N/A m min−1 Eqn (10)
ρp ENM particle density 3900 kg m−3 33
de Diameter of ENM 21.0 nm Equivalent volume diameter
g Gravitational acceleration 9.8 m s−2

Cs Cunningham slip correction factor 1.0 Unit-less (see ESI)52

n Viscosity of air 1.1 × 10−3 kg m−1 min−1 33
x Dynamic shape factor 1.0 Unit-less Values of 1 for perfectly spherical particles
hw Height of the workplace 2.50 m 43
he Height of the emission source 1.6 m Interpreted from the handling energy factor of 0.8, whereby

a value of 1 means a drop height greater than 2 meters.43

T Time scale 10 080 min Number of minutes in a week
t Time-step 1 min Time resolution at which the model was integrated
AER Air-exchange rate 8.0 h−1 In a two-zone model, this represents the air exchange rate of

the far-field room volume43
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USEtox which is concerned with external exposure concentra-
tions, the ED50 considered here (eqn (13)) is reported as an
internal dose per g of wet lung in order to be in agreement
with the RiF that is represented as a lifetime-averaged inter-
nal wet lung dose.

(13)

ED50a,t,int (mg per g-wet lung) is the animal (a) internal
dose (int) of nano-TiO2 per gram of lung that results in a
50% response rate, t is the duration of the study (e.g.
chronic), AFa is an interspecies extrapolation factor (i.e. be-
tween animals to humans), and AFt is a study-time conver-
sion factor (i.e. between acute to chronic studies).41,62,63

Dose–response data reported for dry lung samples were
converted to wet lung with the conversion factor of 0.11
based on previous results showing that nearly 89% of the
lung-weight is lost after drying.64 Interspecies extrapolation
factors account for the difference in physiology, such as
breathing and body weight, between species, however a factor
of one was applied in this study, under the assumption that
effects based on internal doses were equivalent in animals
and humans.62 Furthermore, the ED50a,t,int assumed a 1 : 1
correlation of inflammation, reported as extra risk, and dis-
ease probability. Extra risk is the fraction of animals that re-
spond to a dose, among animals who do not respond, effec-
tively taking into account the background response rate.65 An
AFt of 2 was used to convert sub-chronic dose–response data
to chronic-equivalent values.41,62

ED50a,t,int values were defined using the benchmark dose
(BMD) approach66 and estimated using the Netherland's Na-
tional Institute for Public Health and the Environment's
(RIVM) PROAST software (www.rivm.nl). The BMD approach
is an alternative to the no-observable-adverse-effect-level
(NOAEL) or lowest-observable-adverse-effect-level (LOAEL)
methods used to estimate the dose–response relationship.
The BMD was estimated from its corresponding benchmark
response (BMR), defined as the level of response (i.e. adverse
health impact) considered significant.

Concerning the calculation of the carcinogenic EF (EFC),
there was no single carcinogenic animal study involving expo-
sure to multiple dosing levels of nano-TiO2. However, in 2011
the U.S. National Institute of Occupational Safety and Health
(NIOSH) conducted a risk assessment using a combined set of
nano-TiO2 and fine-TiO2 toxicological data.67,68 Using that
same dataset, a carcinogenic ED50 was calculated as the dose
where 50% of the exposed animals developed lung tumors.
Briefly, two chronic, whole-body, inhalation studies by Lee
et al. and Muhle et al. looked at the tumor rates of male and fe-
male Sprague-Dawley and Fischer-344 rats that were exposed to
fine (rutile) particles of TiO2 with average mass median aero-
dynamic diameter (MMAD) of 1.6 um and 1.1 um, respec-
tively.67,69 In Lee et al., there were four exposure levels of 0, 10,

50, and 250 mg m−3. In Muhle et al., there were two exposure
levels of 0 and 5 mg m−3. Heinrich et al. completed a chronic,
whole-body, inhalation study on Wistar female rats exposed to
10 mg m−3 of nano-TiO2 with average MMAD of 0.027 um.70

The dose–response relationships of ENMs with different diam-
eters are known to be more strongly correlated with surface
area as opposed to mass-based dose metrics.71 Therefore, the
doses were converted to surface area based doses using their
reported conversion factors of 4.99 m2 g−1 for the fine-
particulate and 48 m2 g−1 nano-TiO2. The BMR was set to 50%
extra risk in total lung tumor development. Typically a BMR of
10% would be analogous to a corresponding NOAEL value,
which would require that the resulting BMD is extrapolated to
the ED50.

72 Instead, the BMR was set to 50% extra risk and as-
sumed to correspond directly to the ED50.

For the non-carcinogenic EF (EFNC), the BMR was defined
as the 50% increase in lung-inflammation, according to bron-
choalveolar lavage (BAL) results of rats and mice exposed to
nano-TiO2 at concentrations of 0.0 mg m−3 (control), 0.5 mg
m−3, 2.0 mg m−3 and 10 mg m−3 for 6 hours per day, 5 days
per week, for 13 weeks.73 Lung inflammation was interpreted
as the percent change in neutrophil count (i.e. neutrophil
counts per 200 total cellular samples) as a function of inter-
nal nano-TiO2 lung burden.73

3. Results
3.1 Exposure scenarios and occupational, indoor air
emissions of nano-TiO2

Although the emission rates for ES1–ES4 were the same (6.72
× 102 mg min−1), their total daily emissions (Table 3) were
not equivalent due to changes in the frequency of the emis-
sion events.

Total daily emissions for ES1–ES3 varied by less than one-
order of magnitude even though emission frequencies were
noticeably different. Particularly, ES2 was characterized by 60
minute emission cycles with 60 minute pauses in-between,
resulting in total daily nano-TiO2 emissions of 1.61 × 105 mg.
This was only 35% larger than ES1 even though emissions
lasted just 10 minutes with 20 minute breaks in-between. ES3
had a constant all day emission event that resulted in a total
daily nano-TiO2 emission of 3.23 × 105 mg, roughly 3 times
the daily emission of ES1. ES4 was characterized by a single-
pulse emission event that resulted in a total maximum daily
nano-TiO2 emission of 6.72 × 102 mg. The total daily emis-
sions for ES5 and ES6 were roughly 2- and 4-orders of magni-
tude smaller, respectively, than ES1. This was in direct corre-
lation with their 2- and 4-orders of magnitude decrease in
emission rates.

3.2 Fate and transport of airborne nano-TiO2

The results of the fate model are reported as two different NF
and FF airborne concentrations (Fig. 2) during the 8 hour
workday.

ES2 and ES3 reached a maximum NF airborne concentra-
tion of 8.2 × 104 μg m−3 shortly after the work-cycles began even
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though emissions were ongoing throughout the remainder of
the workday. Maximum NF daily airborne concentrations in
ES1, ES5 and ES6 reached 6.5 × 104 μg m−3, 6.8 × 102 μg m−3

and 6.8 × 10 μg m−3, respectively, but were still increasing at
the time the work-cycle ended and emissions stopped. The
maximum NF airborne concentration for ES4 of 3.6 × 104 μg
m−3 coincided with the single pulse emission event at the be-
ginning of the work-day. The trends in FF concentrations were
similar to the NF, however these concentrations were on aver-
age 50% lower than their respective NF values.

Average daily airborne concentrations in both the NF and
FF during working hours were 45% lower than their corre-
sponding maximum daily values. However, this correlation
was not linear, particularly for ES1, ES2, and ES4 (Fig. 2).
While there were distinct differences in the NF and FF con-
centrations during the emission events, the concentration
gradient quickly dissipates during non-emission events. In all
cases, airborne concentrations effectively reached zero before
the next work day, and thus concentrations were not cumula-
tive from day to day (see ESI†).

Table 3 Total daily emissions, average daily and maximum near-field and far-field airborne concentrations

No. Exposure scenario Total daily emissions (mg) CNF,
a [mg m−3] CFF,

a [mg m−3] CNF,
b [mg m−3] CFF,

b [mg m−3]

ES1 e-high, f-short 1.08 × 105 6.50 × 10 3.45 × 10 2.49 × 10 1.48 × 10
ES2 e-high, f-long 1.61 × 105 8.15 × 10 5.09 × 10 4.07 × 10 2.54 × 10
ES3 e-high, f-all day 3.23 × 105 8.15 × 10 5.09 × 10 8.08 × 10 5.02 × 10
ES4 e-high, f-single pulse 6.72 × 102 3.63 × 10 6.01 × 10 0.170 × 10 0.106 × 10
ES5 e-medium, f-short 1.08 × 103 0.677 × 10 0.371 × 10 0.271 × 10 0.169 × 10
ES6 e-low, f-short 1.08 × 10 6.77 × 10−3 3.71 × 10−3 2.71 × 10−3 1.69 × 10−3

C: exposure concentration. a Maximum daily concentrations during work hours. b Average daily concentrations during the working hours.

Fig. 2 Results of the fate and transport model for ES1–ES6 (a–f) showing changes in the near and far field airborne concentrations of nano-TiO2

over the course of the 8 hour workday. Note that the beginning of the workday begins at minute 500 and ends just after minute 980.
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The dominant mechanism driving the fate and transport
of nano-TiO2 was the air exchange between the indoor and
outdoor air compartments and, to a lesser extent, the inter-
zonal air flow between the NF and FF. In ES1, during the first
minute of the first work-cycle, nearly 94% of the nano-TiO2

remained in the indoor air (i.e. combined NF and FF), while
5.7% had been transferred to outside air (Fig. 3).

An additional 0.0025% of the emissions in ES1 had been
transformed into larger aggregates and 0.0021% had settled
to the surface due to gravitational settling. By the end of the
first 10 minutes of that emission cycle, the amount of nano-
TiO2 remaining in the indoor air was only 55.84%, while 44%
had been transferred to the outdoor air. The proportion of
the emissions that had been removed by aggregation slightly
increased to 0.0030% by the second and third minute and
then fell back to 0.25% by the end of the emission event. The
proportion of emissions removed by gravitational settling
onto surfaces increased by over an order of magnitude to
0.03%. These trends continued through the workday whereby
the exchange of indoor with outdoor air contributed to nearly
99% removal of the total daily emissions (Fig. 3). The contri-
butions from gravitational settling and aggregation remained
minimal and accounted for roughly 0.07% and 0.00005% of
nano-TiO2 removal from the indoor air. By the end of the fi-
nal minute of the last emission event of the workday, just
1.0% of the total daily emissions remained in the indoor air
compartment, as non-agglomerated nano-TiO2.

The overall fate and transport patterns for ES2, ES3 and
ES4 were similar to ES1, but they differed by the rates at
which the indoor air concentrations of nano-TiO2 decreased.
For example, after only 40 minutes, the amount of nano-TiO2

emissions that remained in the indoor air were 25%, 19%,
19% and 0.49% for ES1, ES2, ES3 and ES4, respectively. The
relative amount of nano-TiO2 emissions that remained in the
indoor air decreased at the fastest rate for ES4 since it was
only a single pulse event without further addition of nano-

TiO2 over time during the workday. Thus, the effect of the re-
moval mechanisms, mainly driven by the overall air exchange
rate of the room, was more apparent in this scenario. Al-
though the emission rates of ES5 and ES6 were lower than
ES1, they had the same relative fate and transport pattern as
ES1.

3.3 Exposure to and retained-intake fraction of occupational
indoor air emissions of nano-TiO2

The results of the MPPD model showed that 75.2% of the air-
borne nano-TiO2 deposited into the lung, irrespective of the
exposure scenario or concentration of particles in the air (see
ESI†). The regional deposition was 9.8%, 24.6% and 40.8% in
the upper airway, tracheobronchial region and the pulmonary
(i.e. alveolar) regions, respectively. The results of the PBPK
model, which estimated the clearance and ultimate retention
of that deposited fraction, are reported as mass of nano-TiO2

per mass of wet lung (Table 4).
In general, greater total emissions (Table 3) resulted in

greater total lung burdens (Table 4) (e.g. ES1–3 versus ES4–6).
Over the course of each work day the wet lung burden in-
creased with all emission events. Between emissions, internal
lung doses continued to rise and between workdays or work-
weeks (i.e. over the weekends) the lung burden did not de-
crease sufficiently to clear the lung of its total nano-TiO2 load
(Fig. 4). For example, the maximum exposure by the end of
the first work-week in ES1 was 333 μg per g-wet lung, while
the remaining lung burden at the beginning of the second
work-week was 238 μg per g-wet lung. This trend continued
until the 5th work-week, after which maximum weekly accu-
mulations slowed considerably, having already reached 453
μg per g-wet lung which was 95% of the maximum lung bur-
den of 478 μg per g-wet lung observed at the end of the year
(Fig. 4). Similar trends were seen in the other exposure sce-
narios except for ES6, whose total lung burden continually

Fig. 3 Mass fraction of total nano-TiO2 emitted in the day, per “compartment” during (a) the first 10 minutes of the first emission cycle of ES1 and
(b) the final 10 minute emission cycle of ES1 at the end of the work day.
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increased at a steady rate compared to the plateaus seen
within a few weeks of the other ES (see ESI†).

Additionally, internal lung doses did not clear effectively
between work years (i.e. two weeks of vacation) as was dem-
onstrated by the 1 year time-weighted lung burden for ES1 of
5.72 μg per g-wet lung while the lifetime lung-burden was
273 μg per g-wet lung. The 1 year time weighted lung burdens
ranged from a high of 25 μg per g-wet lung for ES3 to a low
of 0.017 μg per g-wet lung for ES6 (Table 4). Similarly, the
lifetime weighted lung burdens ranged from a high of 119 μg
per g-wet lung for ES3 to a low of 4.0 μg per g-wet lung for
ES6 (Table 4).

For ES1, total lung burden was mainly due to the retention
of nano-TiO2 in the interstitial tissue, where it represented
up to 80% of the total retained wet lung mass by the end of

the first work-year (Fig. 5). In contrast, the pulmonary region
had cleared itself of all deposited nano-TiO2 by the beginning
of each subsequent work-week. Even so, the pulmonary re-
gion contributed up to 17% of the total maximum retention
observed each day by the end of the first work-year. The PCs
located in the interstitial and pulmonary regions reached
maximum retentions of 3202 μg and 4644 μg, respectively,
very quickly within the first workday and did not accumulate
more over the duration of the remaining exposure period.
This represented roughly 0.7% and 1.0% of the total lung
burden by the end of the work year. The trachea–bronchial or
upper airway regions were not defined as part of the wet lung
and thus do not directly contribute to the overall lung burden
under consideration (see ESI†).

The physiologic pattern of retention was very similar for
ES1–3, whose total yearly emissions and retained lung bur-
dens were much greater than ES4–6. As total yearly emis-
sions, and thus lung burdens, decreased, the pattern of reten-
tion shifted towards greater number of particles captured by
the pulmonary and interstitial PCs. Subsequently, in the sce-
nario with the lowest emissions and lowest lung burden, ES6,
nearly 100% of the particles were captured by pulmonary-
PCs.

As a ratio of the lung burden to total emissions, the corre-
sponding 1 year RiF values range from a high of 7.81 × 10−10

for ES6 to a low of 2.62 × 10−11 for ES1. Similarly, the lifetime

Table 4 Results for the internal wet lung burden (μg per g-wet lung)
reported as either a lifetime or 1 year value

No. Exposure scenario
Lung burden
(1 year)

Lung burden
(lifetime)

ES1 e-high, f-short 5.72 × 10 2.73 × 102

ES2 e-high, f-long 1.16 × 10 5.53 × 102

ES3 e-high, f-daily 2.50 × 10 1.19 × 103

ES4 e-high, f-single pulse 1.44 × 10−1 7.04 × 10
ES5 e-medium, f-short 1.67 × 10−1 8.10 × 10
ES6 e-low, f-short 1.70 × 10−2 3.99 × 10

Fig. 4 Retention of nano-TiO2 in the lung estimated over 1 full work year for ES1, whereby work continued 5 days a week (i.e. no work on the
weekends) for 50 weeks with a 2 week holiday at the end of the year during weeks 51 and 52.
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RiF values ranged from a high of 2.21 × 10−7 for ES6 to a low
of 1.25 × 10−9 for ES1. Consequently, an inverse relationship
was seen between the total yearly emissions and the RiF
(Fig. 6).

As expected, the RiF increases linearly with the increasing
number of workers. Thus, the RiF for the highest worker pop-
ulation was 1.5-orders of magnitude greater than the RiF in
the lowest worker population scenario. These results
corresponded directly to the 1.5-order of magnitude differ-
ence in their respective worker populations.

3.4 Dose–response relationship and effect factor for nano-
TiO2

The carcinogenic dose–response analysis is shown in Fig. 7.
The corresponding ED50,a (i.e. BMD) was 1.43 m2 per g-dry

lung based on the excess risk of 50% over background cancer
rates, with the dose being explicitly expressed as the TiO2 sur-
face area concentration per gram of dry lung. After conver-
sion to a mass-based dose-metric, assuming a value of 48 m2

per g-TiO2, the ED50,a was 2.98 × 104 μg per g-dry lung. After
converting the dry lung doses to wet lung, the ED50,a became
3.16 × 103 μg per g-wet lung. Applying the relevant extrapola-
tion factors (eqn (13)), the resulting ED50h value was 1.58 ×
103 μg TiO2 (per g-wet lung) and the final EFC was 3.17 × 10−4

cases per μg nano-TiO2 (per g-wet lung).
The results of the non-carcinogenic dose–response analy-

sis are shown in (Fig. 8). BMD values were interpreted from
the results of a sub-chronic whole-body inhalation study mea-
suring the changes in BAL fluids upon exposure to nano-
TiO2. The reported benchmark doses were 27 352 μg per g-dry
lung for mice and 7807 μg per g-dry lung for rats based on

Fig. 5 Relative retention of nano-TiO2 in the (a) wet lung and (b) total airway system per region of the lung, for each of the six exposure
scenarios. Results represent the relative retention for the maximum exposure obtained after 1 year of work.

Fig. 6 Lifetime retained intake fractions as a function of (a) total yearly emissions and (b) worker population size. All axes are shown in log-scale.
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the excess risk of 50% over background inflammation rates.
Covariation, based on species type, showed that there were
distinct dose–response slopes for both mice and rats, with
rats having lower BMD values (i.e. more sensitive). Based on
the approach put forth in USEtox,41 the BMD for rats was
used to estimate the EF because it was the most sensitive spe-
cies. This ED50,a was 8.27 × 102 μg per g-wet lung. The
resulting ED50,h value was 4.14 × 102 μg TiO2 (per g-wet lung)

and the final EFNC was 1.21 × 10−3 cases per μg (internal)
TiO2 dose.

3.5 Characterization factors for human health impacts from
occupational, indoor air emissions of nano-TiO2

For each exposure scenario, a 1 year and lifetime CF are
reported for nano-TiO2 occupational, airborne emissions
(Table 5). One-year CFC values ranged from a low of 3.96 ×
10−4 cases of cancer per kg of nano-TiO2 emissions in ES1 to
a high of 5.80 × 10−2 cases of cancer per kg of nano-TiO2

emissions in ES6. The 1 year, non-carcinogenic CF values were
slightly larger and ranged from a low of 1.51 × 10−3 cases of
lung inflammation per kg of nano-TiO2 emissions to a high
of 2.21 × 10−1 cases of lung inflammation per kg of nano-
TiO2 emissions. Compared to 1 year exposure periods, life-
time CF values were generally 1–2 orders of magnitude
larger.

Whereas the differences between the 1 year and lifetime
CF were between 1–2 orders of magnitude, the differences be-
tween the average worker population and the low or high
populations was less than an order of magnitude for ES1–
ES6. Lower working populations resulted in slightly higher
RiF values but greater CF, while higher working populations
resulted in lower RiF values but lower CF.

An inverse relationship is then noticed between the total
emissions and the corresponding CF (see ESI†). Conse-
quently, ES6 had the largest CFC and CFNC values even
though it had the lowest total yearly emissions, while ES1–3
had the lowest CF values but the largest emissions.

4. Discussion

Currently, the estimation of ENM emissions, fate, exposure
and human health impacts from indoor air exposure within
LCA have been largely un-addressed in the scientific litera-
ture. Steady-state fate and exposure methodologies12–16 pro-
vide a straightforward first approximation of ENM behavior
in the environment, while dynamic models may provide addi-
tional insight are not captured by steady-state models. How-
ever, dynamic models require more data such as reported or
estimated emissions over time. In this paper, a dynamic
model was utilized for estimating indoor airborne emissions
of nano-TiO2, a spherical, metal oxide ENM powders. Hence,
this approach may have limited application for estimating
the effects of producing or handling ENMs whose physical
characteristics are not spherical or are in solution (i.e. whose
emissions are directly to soil and/or water).

The difference between steady-state and dynamic models
and their results was apparent in this study. For example, if a
steady-state approximation is applied (see ESI†)45 to ES1, the
resulting NF airborne concentration would be 3.52 mg m−3.
This result is approximately 95% smaller than the maximum
NF concentration predicted by the dynamic model, which
demonstrated increases in nano-TiO2 concentration over the
course of subsequent emissions. In the dynamic model, re-
moval by aggregation and gravitational settling was minimal,

Fig. 7 Benchmark dose results for cancerous impacts in rats upon
inhalation of nano-TiO2 and reported as fraction of cancer cases per
internal lung dose.

Fig. 8 Benchmark dose results for non-cancerous impacts to both
mice (circles) and rats (triangles).
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which might be expected given that the settling velocity of
even 1 um sized particles is circa 12.5 cm h−1.48 These re-
moval mechanisms will likely become more important if air
exchange rates are kept low.74,75

The exposure model used in this paper departed from con-
ventional LCIA methods that assume inhalation exposures
are linearly related to an individual's respiration rate. Walser
et al.31 recently proposed, and Pini et al.15 estimated, final re-
tention values based on steady-state deposition and clearance
using the MPPD model. The reported lifetime RiFs in the cur-
rent study were between 2- to 5-orders of magnitude less than
what was reported in Pini et al. However, the total mass of
retained nano-TiO2 estimated in the current paper was simi-
lar to those from previously reported in vivo studies which
were on the order of hundreds of days in the air exchange
and interstitial regions of the lung.30,60,76 Thus, it may seem
that the inhalation of nano-TiO2 and other similar metal ox-
ide ENMs may be particularly overestimated with the use of
steady-state models. Of the three main pathways in the PBPK
model that governed ENM retention in the lung, transloca-
tion of loaded-PCs from the pulmonary (i.e. alveolar) to the
tracheobronchial region was the limiting factor determining
clearance of nano-TiO2 from the lung. This value was modi-
fied to reflect the slower clearance rate of particulates in the
human lung compared with the rat lung.60 In the highest ex-
posure scenario, PCs were easily saturated and overburdened,
leading to accumulation in many of the lung regions. The un-
limited accumulation found in the air-exchange and intersti-
tial regions for some of the exposure scenarios may be occur-
ring due to mucociliary clearance becoming overburdened,
which cannot remove particles at a fast-enough rate to reach
zero lung burden even at times of low- or no-exposure. How-
ever, these results may also be limited by the model's capabil-
ity to adjust for the increase or decrease of mucociliary clear-
ance activity depending on the mass loading of ENM in the
airway. The current version of the PBPK model uses a con-
stant transfer factor to describe this mechanism instead of
one that might change based on the internal load. Addition-
ally, the high concentration of nano-TiO2 found in the tra-
cheobronchial region was expected given the primary particle
sizes upon exposure were assumed to be 21 nm. Particles
≤100 nm have a greater chance of reaching the alveolar re-
gion, however particles ≤30 nm, particularly those below 10
nm,60 will show greater deposition and retention in the tra-
cheobronchial region due to airflow dynamics of smaller di-
ameter particles.30

The RiF defined in this study showed an inverse relation-
ship between the amount of nano-TiO2 emitted into the occu-
pational indoor air workplace and the retained amount of
nano-TiO2 in the lung. This finding is counter-intuitive given
that iF values in conventional LCIA methods are independent
of the emission rates or total emission amounts. The inverse
relationship can be explained by the saturation of PCs in the
lungs and the relative contribution of PC-sequestered ENM to
the overall wet lung burden. Neither of these scales linearly
with emission rate, thus bearing the inverse relationship dis-

covered in this study. As shown in the results for the expo-
sure, after saturation, the relative contribution of PCs loaded
with nano-TiO2 to the overall wet lung burden decreases as
emission rates increases. The amounts in the pulmonary re-
gion and interstitium of the lungs scale proportionally with
the emission rate after the PCs are saturated. The lifetime
RiF, for example, differed by a maximum two-orders of mag-
nitude while emissions per year increased up to four-orders
of magnitude. This is because PCs still play a major role at
lower emission rates. This highlights the importance of the
emission rate on the RiF when considering the target organ's
physiology.

The RiF and exposure results should be interpreted with
caution. Although adaptations were made to an original
animal-based exposure model28 to estimate bio-distribution
in humans, the results of this model have not been validated
by experimental evidence. In addition, the original PBPK
model published by Li et al.28 was built based on exposure
concentrations that were 2-orders of magnitude lower than
the highest exposure scenario presented in this study, which
is in effect the worst-case scenario. The results of applying
the PBPK-rat model to human exposure scenarios should be
considered as potential impacts as opposed to absolute
values. The resulting RiF calculated in this paper also did not
include the effects and use of PPE in the work environment.
At the time of this study, it was not evident which occupa-
tional scenarios would require PPE, at what rate PPE would
be used and the effectiveness of the PPE to filtering ENM.
However, it is expected that some level of PPE would apply,
resulting in lower amounts of exposure than predicted in this
paper. Therefore, if patterns of PPE usage are known, this
should be included in the exposure estimation.

The RiF was also significantly influenced by the exposure
timeframe assumed in the model, whereby 1 year RiF and
their corresponding CF were one- to two-orders of magnitude
smaller than their lifetime counterparts. The relative decrease
in retained-intake and, therefore, cases of human health im-
pact per emitted mass of nano-TiO2 was expected given the
significantly shorter amount of exposure time in the 1 year
exposure scenarios. In this way, the CF can be used in a man-
ner that is compatible with LCIA methodologies that contain
different “perspectives” based on decision maker's prefer-
ences for short-term versus long-term priorities and
objectives.25,77

Additionally, the CF presented in this study were calcu-
lated for inhalation exposures in the occupational setting,
since inhalation of dusts and powders is the primary intake
route in the workplace scenario.31 While the fate and trans-
port model predicts indoor surface concentrations that could
be used for approximating dermal exposures, dermal expo-
sure and thus toxicity is expected to be low unless in contact
with broken skin.78–82 Furthermore, apart from direct im-
pacts to the lungs and lung-related injuries, ENMs that are
deposited in the lung may translocate to other regions of the
body after inhalation.83–85 Although the exposure model
presented in this approach allows for the estimation of ENMs
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in 10 other organs of the body, these values were not yet used
to address systemic-human health impacts upon inhalation
to nano-TiO2. Future work in this area should address the
compounded effects from multi-system organ toxicity upon
inhalation to ENMs.

The EFC reported in this study was almost 1-order of mag-
nitude smaller than the EFNC. It should be noted that the
non-carcinogenic endpoint was pulmonary inflammation, a
precursor to the carcinogenic endpoint of pulmonary tumors.
Thus, these results intuitively make sense. It would be
expected that many more cases of a non-cancerous diseases
occur compared with more advanced pathologies such as
cancer. This is supported by Ettrup et al. who similarly report
an EFC value of 1.54 × 10 cases per kg TiO2 (intake) that is
under 1-order of magnitude lower in value than their
reported EFNC of 1.15 cases per kg TiO2 (intake).16 However,
Pini et al. report an EFC of 4.19 × 102 cases per kg TiO2 (in-
take) that is 4-orders of magnitude greater than their
reported EFNC of 1.72 × 10−2 cases per kg TiO2 (intake), thus
implying that there are many more expected cases of cancer
compared with inflammation.15A likely explanation regarding
this discrepancy is the fact that Pini et al. used an inflamma-
tion study73 as a proxy for the carcinogenic endpoint.15

Therefore, a comparison of their EFC to the EFNC in this cur-
rent paper as well as Ettrup et al. is more appropriate. After
correcting for intake per lung weight to intake per body
weight, the EFNC reported in the current paper was 4-orders
of magnitude larger than Pini et al.'s (EFC) and over 6-orders
of magnitude larger than Ettrup et al.'s. Similarly, the EFC
reported in the current paper is over 6-orders of magnitude
greater than Ettrup et al.'s and no comparison is made to
Pini et al.'s value for the aforementioned reasons.

While the current study utilized the BMD approach to esti-
mate the ED50 values, Ettrup et al. and Pini et al. extrapolated
from NOAEL values. N(L)OAELs are known to ignore the
shape of a dose–response curve, meaning that the value may
not actually reflect a dose at which no or the lowest effect
occurs.65,66,86–89 The magnitude of these indicators also un-
intuitively decrease (i.e. become less conservative) as the cer-
tainty of a study increases. For example, studies with more
animals compared with ones with less animals per dosing
group have greater chances of showing a statistically signifi-
cant difference in the response rate versus the control. Al-
though the study with less animals per dosing group will
have a lower chance of showing statistical significance be-
tween the dosing and control groups, leading to the estab-
lishment of an NOAEL.65 Furthermore, in the current study,
the ED50 values for both the cancerous and non-cancerous
endpoint were interpreted from toxicological data that did
not report a 50% response rate. This extrapolation in turn
adds to the uncertainty of the estimated EF. Thus, the influ-
ence of the EF on the resulting value of the CF may over-
shadow the influence and differences between steady-state
and dynamic fate and exposure modeling.

Ultimately, the lifetime CFC and CFNC values reported in
this paper were on the order of 2- to 3-orders of magnitude

greater than Ettrup et al. or Pini et al., except for ES6's CF
which had a greater CFNC value compared with Pini et al.'s
CFC (which was estimated for a non-carcinogenic endpoint as
explained above). Due to the limited purposeful and limited
exposure in the 1 year CF calculations, the CFC and CFNC in
the current study were further reduced resulting in values
that were within 1-order of magnitude of Ettrup et al. How-
ever, their underlying factors (i.e. EF, iF, RiF) values were ex-
tremely different and thus the overlapping CF results are
more coincidental than correlated.

5. Conclusion

A dynamic LCIA model was presented for calculating the hu-
man health impacts resulting from the exposures to occupa-
tional, airborne emissions of nano-TiO2. The results demon-
strate how such models can be used to estimate the fate of
and exposure to certain ENMs within LCA studies. In the con-
text of conventional, steady-state models, ENMs are not
thought to attain thermodynamic equilibrium in their local
mediums, invalidating the use of equilibrium partition coeffi-
cients to describe their fate and exposure in the environ-
ment.23 Instead, kinetic models are better equipped to esti-
mate the concentration-dependent behavior of ENMs in the
environment. Furthermore, occupational indoor airborne
ENM emissions are likely to be episodic and vary over time.
Accordingly, the results of this study depart from the results
of previous steady-state models presented in the litera-
ture.15,16 Between the dynamic and steady-state models, the
differences in the estimated airborne concentrations of nano-
TiO2 were roughly 1-order of magnitude. Such modest differ-
ences are reasonable given that the fate and transport of
nano-TiO2 was shown to be governed mainly by advection as
opposed to other ENM-specific behaviors and transforma-
tions. However, the estimated intake (i.e. RiF, iF) of the cur-
rent study were many orders of magnitude smaller than those
of the steady-state models reported by Pini et al. and Ettrup
et al.15,16 The total lung burden in the current study was sim-
ilar to previously published estimates in animal stud-
ies,30,60,76 and thus indicate that steady-state models are
overestimating the deposition and final retention of nano-
TiO2 in the lungs. Additionally, the model demonstrated that
the fraction of nano-TiO2 that is deposited and retained in
the lung is dependent on the originating emission magnitude
and thus airborne concentration in the workplace. This leads
to a non-constant, and more precisely, non-linear RiF that is
counter to conventional LCIA modeling.

In general, life cycle inventories are temporally and spa-
tially undefined, leaving a disconnect between how to apply
dynamic models to current life cycle data. If there is exact in-
formation regarding the rate of production for the reference-
flow (i.e. product), then the reported emissions for that
reference-flow could be defined as an emission rate for use
in the fate and transport model. Often, this level of life cycle
inventory detail might not be available. Case-by-case CF
modeling and LCA studies are also likely to be time
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consuming and limited based on the availability of other site-
specific data needed in the model. Instead, researchers in the
field of LCA might profit from creating context-dependent
emission scenarios and fate and exposure models such as
was presented in this paper. This could result in the creation
of a handful of CFs per substance-scenario that satisfy an av-
erage and expected range of inventories for that emission
flow. Future models should create classes of different CF
based on parameters in the models such as air exchange
rates, room volume, as well as the ENM size16 and species
that may influence their fate, exposure and toxicity. Even with
limited insight into the types of ENM emissions in a practi-
tioner's inventory, they might be able to more appropriately
choose from one of these CF classes.
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