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assessment of chemical mixtures:
a case study for cedarwood essential oil†

Roxana Sühring, *ab Philipp Mayer, c Pim Leonardsd and Matthew MacLeod a

The environmental risk assessment of UVCBs (i.e., substances of unknown or variable composition,

complex reaction products, or biological materials) is challenging due to their inherent complexity. A

particular problem is that UVCBs can contain constituents with unidentified chemical structures and/or

have variable composition of constituents from batch to batch. Moreover, the composition of a UVCB in

the environment is not the same as that of the UVCB in a product, meaning that a risk assessment based

on environmental exposure to the UVCB in a product does not represent the actual environmental risk.

Here we propose an in silico fate-directed risk assessment framework for UVCBs using cedarwood oil as

a case study. The framework uses Monte Carlo simulations and the mass-balance models SimpleTreat

and RAIDAR to provide quantitative information on whether unidentified constituents within the

physical–chemical property space of a UVCB can be the decisive factor for the environmental risk of the

entire UVCB. Thereby the framework provides a robust decision tool to evaluate if a UVCB risk

assessment requires additional tests or if the data on known constituents is representative for the risk of

the entire UVCB. In the case of cedarwood oil, it could be shown that a risk assessment based on the

known constituents (representing around 70% of the overall UVCB by weight) is representative for the

environmental risk of the entire UVCB – reducing the need for additional testing and test animals.
Environmental signicance

Environmental risk assessment of UVCBs (substances of unknown or variable composition, complex reaction products, or biological materials) is challenging
due to the complexity of the substances and the potential for risks from unknown constituents. An important question is: can a risk assessment of UVCBs be
conducted based on the known constituents alone? Here, we present a framework based on Monte Carlo simulations and the mass-balance models SimpleTreat
and RAIDAR that helps to answer this question. The framework can improve – and for some UVCBs even enable – a risk evaluation and allows risk assessors to
critically evaluate the need for additional tests, which should reduce the need for animal testing.
1 Introduction

Substances of unknown or variable composition, complex
reaction products, or biological materials (UVCBs) present
a considerable challenge to chemical risk assessors.1,2 Testing
in support of environmental risk assessment of chemicals
usually analyses substances that are made up of discrete
chemicals that can be characterized and tested individually.3

UVCBs, in contrast, are intrinsically complex mixtures that
ockholm University, Stockholm, Sweden.

ronto Metropolitan University, Toronto,

ce Engineering, Technical University of

je Universiteit Amsterdam, De Boelelaan

mation (ESI) available. See

f Chemistry 2022
cannot readily be tested as separate constituents, moreover
their composition can vary between different batches of the
same product, and the chemical structure of some components
of UVCBs might be simply unknown.1,4

Different approaches have been proposed by different regu-
latory agencies to confront the risk assessment challenges
posed by UVCBs and evaluate their potential environmental
risks. Approaches include an assessment based on the entire
UVCB, assessment based on “blocks” (i.e., groups of substances
with similar structures), and assessment based on individual
constituents above a certain threshold in contribution to the
composition of the overall UVCB (for example, 0.1%).5,6 Each of
these approaches reects a balance between information
requirements to support the assessment and uncertainty and/or
lack of delity in the description of the UVCB in the assessment
compared to the actual substance. As such, all have advantages
and shortcomings. For example, both the blocking and
threshold approaches could ignore individual constituents that
theoretically could be a signicant contribution to the
Environ. Sci.: Processes Impacts, 2022, 24, 1133–1143 | 1133
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environmental risk of the entire UVCB even if they are only
present in very low concentrations.7

An important consideration in environmental risk assess-
ment of UVCBs is that the composition of the UVCB that is
present in a product can change signicantly before it enters the
environment and within the environment and exposed organ-
isms.8 Risk assessment of the neat UVCB without consider-
ations of the environmental fate of the components is,
therefore, not necessarily representative of the environmental
risk of the UVCB in the environment.4,9 Risk, hazard and toxicity
assessments that consider changes in composition of UVCBs
from the chemical product to the environment and exposed
organisms are referred to as fate-directed risk assessments in
the scientic literature.9

Thus, assessing the potential risk of UVCBs in the environ-
ment could benet from new hazard and risk analysis strategies
to complement the existing approaches that (a) account for the
environmental fate of different UVCB constituents, and (b)
confront the presence of constituents whose structure is not
fully known by determining what fraction of a UVCB needs to be
fully characterized to assess the risk of the entire UVCBmixture.

Here we illustrate in silico fate-directed risk assessment for
a UVCB (cedarwood oil) that uses measured, predicted, and
literature property and hazard data to drive the mass-balance
models SimpleTreat10 and RAIDAR,11,12 with Monte Carlo
simulation representing possible unidentied constituents.
SimpleTreat uses physical–chemical property data and infor-
mation on biodegradation to predict the efficiency of removal of
chemicals in a wastewater treatment plant.10 RAIDAR uses
chemical property data including environmental half-lives and
toxicity to calculate the environmental fate (mass balance for
emissions to different media), bioaccumulation and risk (risk
assessment factors for different species) of chemicals.11,12

The aim of this study was to develop a fate-directed envi-
ronmental risk analysis for cedarwood oil that exploits recently
published information about biodegradation, bioconcentration
and toxicity, and to illustrate a general procedure for fate-based
risk assessment of UVCBs with unidentied constituents that
Fig. 1 Schematic of the fate-based risk assessment workflow applied to fi

weight of the UVCB. Yellow boxes represent the model inputs from lit
models, orange circles represent the models, and blue boxes the mode

1134 | Environ. Sci.: Processes Impacts, 2022, 24, 1133–1143
confronts the question of whether unidentied constituents
could change the conclusions of a risk assessment of the UVCB
that is based only on the known constituents.
2 Methods
2.1 Risk assessment of cedarwood oil based on known
constituents

To evaluate the environmental risk of cedarwood oil based only
on known constituents, property and hazard data was collected
for a-cedrene (CAS: 469-61-4), b-cedrene (CAS: 546-28-1), thu-
jopsene (CAS: 470-40-6), cuparene (CAS: 16982-00-6), and cedrol
(CAS: 77-53-2), that together make up >70% of a typical batch of
a commercial Virginian cedarwood oil mixture.13

The property and hazard data were used as model inputs to
(1) SimpleTreat10 to estimate the removal efficiency, change of
composition and emissions into the environment for each
constituent during wastewater treatment (Fig. 1), and (2) RAI-
DAR11 to calculate risk assessment factors for each constituent
(Fig. 1).

2.1.1 Characterisation, physical–chemical properties, and
PBT property data. Cedarwood oil was selected as a case study
substance in the European Chemical Council (Cec) long-range
research initiative (LRI) ECO-42 project,14 which has generated
new data on biodegradation,15 bioaccumulation potential for
sh13 and whole substance aquatic toxicity.16 Characterisation
data for the oil was provided by its distributor Givaudan UK Ltd
and conrmed by gas-chromatography mass spectrometry (GC-
MS).13 Physical–chemical property data for the individual
cedarwood oil constituents was taken from the literature or
estimated using EPISuite (Table 1).17 Toxicity data for Daphnia
pulex (EC50) for individual constituents were estimated using
a model by Hickey and Passino-Reader.18,19 No half-lives were
available for birds andmammals. Therefore, the measured half-
lives for sh were used as an estimate for the half-lives in birds
and mammals.

The following property and hazard data was used for the fate-
directed risk assessment of the known constituents (Table 1).
ve known constituents of cedarwood oil that typically make up >70% by
erature data and quantitative structure–property relationship (QSPR)
l outputs. RAF: risk assessment factor.

This journal is © The Royal Society of Chemistry 2022
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Table 1 Weight percent in UVCB product [% weight/weight], molecular mass [g mol�1], half-lives (T1/2) [h] for degradation in environmental
compartments or biota, water solubility [mg L�1], vapor pressure [Pa], Henry's law constant [Pa m3 mol�1], log octanol–water partitioning
coefficient (log KOW), and estimated toxicity (effect concentration 50%) for Daphnia pulex (EC50) [mmol L�1] of a-cedrene, b-cedrene, thujop-
sene, cuparene, and cedrol. All data were estimated using EPISuite17 unless an alternative source is specified

a-Cedrene b-Cedrene Thujopsene Cuparene Cedrol

Weight% in UVCB product 26 3.9 19 3.0 22
Molecular mass [g mol�1] 204.35 204.35 204.35 202.34 222.37

T1/2 [h] Air 2.8 3.5 0.52 27 13
Water 173a 134a 166a 175a 70a

Soil 1800 1800 2880 1800 2880
Sediment 8100 8100 13 000 8100 13 000
Fish 1272b 1128b 576b 240b 72b

Birds and mammals 1272 1128 576 240 72
Water solubility [mg L�1] 0.15 0.13 0.073 0.22 22
Vapor pressure [Pa] 3.0 3.0 9.01 0.77 0.070
Henry's law constant [Pa m3 mol�1] 3510e 9639 26 780 712 0.168
log KOW 5.7 5.8 6.1 6.2 4.3
EC50 [mmol L�1] 0.21c 0.21c 0.27c 0.35c 5.5d

a Møller et al., 2021.15 b Sühring et al., 2021.13 c Hickey and Passino-Reader, 1991.18 d REACH registration dossier for Cedrol.20 e Copolovici and
Niinemets, 2015.31
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2.1.2 SimpleTreat. SimpleTreat version 4.0 (ref. 10) (avail-
able at: https://www.rivm.nl/en/soil-and-water/simpletreat) was
used to estimate the fate and removal efficiency of the
individual cedarwood oil constituents in wastewater treatment
plants. The following input data was required for the
wastewater treatment simulations:

Molecular mass [g mol�1], octanol–water partitioning coef-
cient, vapour pressure [Pa], water solubility [mg L�1], and
Henry's law constant [Pa m3 mol�1] (Table 1). The chemical
class for all constituents was specied as “neutral organic
compound”. Based on the biodegradation kinetics measured
within the ECO42 project15 and on previous measurements by
Jenner et al.,21 all constituents were specied to be “inherently
biodegradable” in the SimpleTreat model inputs, which implies
that they will not be readily removed by biodegradation.

The default SimpleTreat emission scenario (1 kg d�1) was
used to model the removal efficiencies and fractions of
substance emitted to air and retained in sludge in WWTPs for
each individual constituent. These results were used as
described below (eqn (1)–(3)) to estimate total emissions of
cedarwood oil constituents to the environment to drive the
RAIDAR model.

2.1.3 RAIDAR. RAIDAR version 2.02 (ref. 11) (available at:
https://arnotresearch.com/raidar/) was used to model fate-
based risk assessment factors (RAF) for each of the ve main
cedarwood oil constituents. In RAIDAR, the risk assessment
factors (RAF) are derived from integrating information about
persistence (P), bioaccumulation (B), toxicity (T), and an esti-
mated emission rate (EA) for specic substances.11,12

The RAF is the ratio between the emission rate (EA) of the
substance and its critical emission rate (EC) to induce a “crit-
ical” internal concentration in an organism at which toxic
effects are expected.11,12 The “critical” internal concentration is
approximated as the product of the concentration causing acute
lethality in 50 percent of a population [mmol L�1] and the
bioconcentration factor (BCF, L kg�1).12
This journal is © The Royal Society of Chemistry 2022
RAF ¼ EA

EC

(1)

where a RAF $ 1 indicates that the actual emissions exceed the
critical emission necessary to induce internal concentrations in
the organism high enough to produce toxic effects – indicating
a risk. Importantly, differences in the RAF between substances
or constituents can be used to investigate the relative risk of
compounds.

The following input data were used for the RAF estimates for
a-cedrene, b-cedrene, thujopsene, cuparene, and cedrol,
respectively:

(A) Physical–chemical property data and hazard data pre-
sented in Table 1.

(B) Emission estimates.
To estimate emissions, we adopted a conservative scenario

in which the maximum of the range of reported production and
importation of Virginian cedarwood oil for the European Union
(EU) was emitted. According to the REACH registration for
cedarwood oil the total import and production of Virginian
cedarwood oil is up to 1000 tons per annum.22 The 1000 tons per
annum are for the entire EU region which is 45 times bigger
area than the modelled region in RAIDAR. Therefore, the total
emissions were divided by 45 resulting in a total emission of
22.22 tons per annum for the RAIDAR region.

Based on the typical use of cedarwood oil as fragrance
material in personal care products, aroma therapy, and clean-
ing products23 we assumed that 50% of the cedarwood oil is
emitted into the air and 50% down the drain into the waste-
water stream.

For the fate-based risk assessment, the emitted quantity for
the individual compounds was calculated as follows:

Emission into air. 50% of the total emitted cedarwood oil
(11.11 tons per annum) with a contribution of the known
constituents of 26% a-cedrene, 4% b-cedrene, 19% thujopsene,
3% cuparene, and 22% cedrol. Additional emissions into air
Environ. Sci.: Processes Impacts, 2022, 24, 1133–1143 | 1135
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during wastewater treatment were also considered based on
fair,ST(x), the fraction of constituent x that is predicted by Sim-
pleTreat to be emitted into air during the wastewater treatment
process. Thus the total emission to air of each constituent (x) is
(
P

Eair(x) [tons]):

P
Eair(x) ¼ 0.5mtotal(x) + fair,ST(x) � 0.5mtotal(x) (2)

where mtotal(x) is the total mass of the constituent x calculated
from the composition of cedarwood oil and the REACH
production/import estimates.

For the emissions into water, the 50% total cedarwood oil
emissions were multiplied by the effluent emissions estimated
using SimpleTreat and the nal amount for each constituent
was calculated based on its estimated proportion in the mixture
following wastewater treatment:

P
Ewater(x) ¼ fwater,ST(x) � 0.5mtotal(x) (3)

P
Ewater(x): total emission of constituent x into water [tons],

fwater,ST(x): fraction of constituent x that is predicted to be
emitted in the effluent of the wastewater treatment process by
SimpleTreat.

As a worst-case scenario, we assumed that all sludge from the
wastewater treatment process would be applied onto agricul-
tural land as fertilizer leading to 100% emissions of the cedar-
wood oil in the sludge into the soil. The emissions into soil for
the individual cedarwood oil constituents were thus calculated
as follows:

P
Esoil(x) ¼ fsoil,ST(x) � 0.5mtotal(x) (4)

P
Esoil(x): total emission of constituent x into soil [tons],

fsoil,ST(x): fraction of constituent x that is predicted to be
removed into sewage sludge during the wastewater treatment
process.

In addition, a reference scenario representing a lack of
wastewater treatment was run in which equal emissions of
11.11 tons per annum of cedarwood oil into air and water were
assumed with no direct emissions into the soil.

The emissions into air, water, and soil used as input data in
the RAIDAR WWTP scenario and reference scenario for each
constituent are presented in Table S1.†
2.2 Assessing the risk of unidentied constituents

To probabilistically estimate the risk of unidentied constitu-
ents we developed a Monte Carlo analysis framework (Fig. 2).
Firstly, the physical–chemical properties of the known constit-
uents are evaluated along with knowledge of the likely struc-
tures of unidentied constituents, and, if possible, this
information is used to dene a model input parameter space of
the unidentied constituents. If a property space of the
unidentied constituents cannot be estimated from the chem-
ical property space of the known constituents, then additional
characterization and testing of the UVCB is required to enable
such estimation. Secondly, a similar evaluation of hazard data
for the known constituents is conducted to estimate a toxicity
1136 | Environ. Sci.: Processes Impacts, 2022, 24, 1133–1143
space for unidentied constituents from the toxicity of known
constituents. Again, if a distribution of possible hazard values
for the unidentied constituents cannot be dened then addi-
tional testing and characterization of the UVCB is required.

If distributions of physical–chemical properties and toxicity
hazard of unidentied constituents can be estimated from the
known constituents, then fate-based risk assessment for
random Monte Carlo realizations of hypothetical combinations
of properties representing unidentied constituents is con-
ducted (Fig. 2).

Dening the boundaries of the physical–chemical and hazard
property space of unidentied constituents requires expert
judgement and should be informed by knowledge of the overall
composition of the UVCB and the structural diversity that is ex-
pected in the mixture. The constrains of the physical–chemical
property space will differ signicantly based on the synthesis or
production process of individual UVCBs. For example, plant
extracts, such as essential oils, can be assumed to contain
predominantly terpenes, sesquiterpenes, and chemically related
compounds, while complex synthesis products can contain
a variety of compounds that are structurally very different –which
means that more detailed characterization data will be needed.
For hazard, the simplest case is when all components of the
UVCB can be assumed to act as baseline toxicants, which is the
case for our case study UVCB, cedarwood oil.

In the following subsection the methods for each step in the
fate-based risk assessment workow (Fig. 2) for unidentied
constituents are presented in more detail.

2.2.1 Dening the property and hazard space of unidenti-
ed constituents. Our assessment approach relies on esti-
mating probability distributions of physical–chemical
properties, environmental half-lives, and toxicity of unidenti-
ed constituents of the UVCB from the known constituents.
These probability distributions are then used to create Monte
Carlo realizations of hypothetical constituents with random
combinations of properties. Depending on how well the
boundaries of the potential properties of the unidentied
constituents are constrained, the property space boundaries
may extend considerably outside the range of properties of the
known constituents to account for structural diversity in the
UVCB and data uncertainty.

In case of cedarwood oil, the chemical property space of the
UVCB was dened based on the range of physical–chemical
property data, environmental half-lives, and ecotoxicity of the
ve known constituents (Table 1).

Physical–chemical property data differs considerably between
the different cedarwood oil constituents – spanning more than 5
orders of magnitude for the most variable property, Henry's law
constant (Table 1). Generally, the properties of the polycyclic
sesquiterpenes a-cedrene, b-cedrene, and thujopsene were
within the same order of magnitude with a log KOW around 6 (5.7
for a-cedrene to 6.1 for thujopsene), and a water solubility around
0.1 mg L�1 (0.073 for thujopsene to 0.15 for a-cedrene) (Table 1).
Vapour pressure and Henry's law constant showed slightly larger
variability among the polycyclic sesquiterpenes with vapour
pressures ranging from 3 Pa for the cedrenes to 9.01 Pa for thu-
jopsene and Henry's law constant ranging from 3510 Pa m3
This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Workflow for the fate-based risk assessment of unidentified UVCB constituents and decision criteria for whether further characterization/
hazard data is needed or if the risk of the known constituents is representative for the entire UVCB based on a Monte Carlo (MC) analysis.
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mol�1 for a-cedrene to 26 780 Pam3 mol�1 for thujopsene (Table
1). The polycyclic sesquiterpenes were considerably more volatile
and less water soluble than the mixed aromatic–cycloaliphatic
This journal is © The Royal Society of Chemistry 2022
cuparene and, especially, the sesquiterpene alcohol cedrol with
a water solubility for cuparene and cedrol of 0.22 mg L�1 and
Environ. Sci.: Processes Impacts, 2022, 24, 1133–1143 | 1137
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22 mg L�1, and vapor pressure of 0.77 Pa for cuparene and 0.07
Pa for cedrol, respectively (Table 1).

Similarly, the environmental half-lives varied from minutes
(thujopsene) to over a day (cedrol) for air and a few days (cedrol)
to months (a-cedrene) for half-lives in sh (Table 1). The least
variability was observed for half-lives in soil and sediment;
however these were EPI-Suite predictions that are very uncertain
in themselves.24

Cedarwood oil is prepared by steam distillation, and the ve
known constituents are expected to represent a large proportion
of the variability in structures and properties in the UVCB. To
evaluate the physical–chemical property space we conducted an
in-depth review of the available regulatory and literature data.
The range of observed data informed our general approach to
estimating the uncertainty, as well as expert judgement for
individual property space boundaries. Generally, for properties
with available measured data, a uniform distribution was
assumed for each of the properties within the chemical property
space with the boundaries of the chemical space for each
individual property being the minimum and maximum of the
respective property based on the known constituents�10%. For
estimated physical–chemical properties an additional 10%
(resulting in a total of 20%) were added to account for the
uncertainty of the estimates. The resulting value was rounded to
the next signicant gure. For log KOW the upper boundary was
extended to 10 due to the variability of log KOW values for the
highly hydrophobic constituent that was observed in the liter-
ature. For environmental half-lives a factor 10 was added to
account for uncertainty for estimated half-lives. These uncer-
tainties were based on the variability of physical–chemical
property data available for the known constituents, as well as
the uncertainty used for environmental half-lives used in the
OECD POV and LRT Screening Tool.25 For measured half-lives,
the added uncertainty was reduced to the measurement
uncertainty. In addition, expert judgement based on the avail-
able literature was applied to avoid unreasonably high or low
half-lives. The resulting chemical property space for the indi-
vidual physical–chemical properties, environmental half-lives,
and ecotoxicity are presented in the ESI (Table S2†). These
probability distributions were randomly sampled to create 2500
hypothetical cedarwood oil constituents with combinations of
properties extrapolated from the chemical property space of the
known constituents.

2.2.2 Monte Carlo modelling with RAIDAR for unidentied
constituents. The fate-based RAIDAR assessment of the
unidentied constituents should be conducted on a sufficiently
large number of hypothetical constituents to produce replicable
results in consecutive Monte Carlo analyses. The emission
estimates are informed by the emissions of the total UVCB
(assuming 100% emissions as a worst-case scenario), the use
patterns to estimate the emissions into air, soil, directly into
water, and down the drain into the wastewater stream, as well as
the removal and partitioning in a wastewater treatment plant
(based on the SimpleTreat analysis). The assumed emission of
an unidentied constituent should be$the contribution [%] of
any unidentied constituent in the UVCB.
1138 | Environ. Sci.: Processes Impacts, 2022, 24, 1133–1143
For cedarwood oil, the fate-based RAIDAR assessment was
conducted for the 2500 hypothetical constituents, which was
a sufficient number of iterations to provide replicable results,
and using the following emission assumptions:

The contribution of the hypothetical unidentied constit-
uent to the cedarwood oil mixture was assumed to be 1% which
we previously estimated was the highest contribution of any
unidentied constituent in the characterization of the pure
cedarwood oil based on relative peak areas in gas chromato-
graphic analysis of the oil.13 As in the fate-based risk assessment
of the known constituents, 50% of the used amount was
assumed to be emitted down-the-drain into the wastewater
stream and 50% into air. Based on the average SimpleTreat
results for the known constituents, 50% of the emissions into
wastewater was assumed to be eliminated in the primary settler,
5% was assumed to be eliminated via the surplus sludge, and
2% were assumed to be biodegraded. The remaining amount
was expected to be mostly emitted into the air (97%) while 3%
were expected to be emitted in the effluent.

The resulting total emission of a hypothetical unidentied
constituent with 1% contribution to the total cedarwood oil
UVCB was 0.0015 tons per annum into water, 0.061 tons per
annum into soil, and 0.16 tons per annum into air.

The modelled RAFs for different species were used to
calculate the 95% condence level (ranging from the 2.5th

percentile to 95.7th percentile) of the potential RAFs of an
unidentied constituent within the physical–chemical property
space of cedarwood oil.
2.3 Model sensitivity and uncertainty

To test the sensitivity of the model to changes in specic input
parameters, the contribution of each input parameter to the
variance of the predicted RAFs was calculated based on the 2500
hypothetical cedarwood oil constituents within the chemical
property space of the known constituents. As presented above,
10% uncertainty was assumed for the boundaries of the
chemical property space based on measurement results. For
estimated physical–chemical properties an additional 10%
uncertainty were added. For estimated environmental half-lives
a factor of 10 was assumed to account for the uncertainty.
3 Results
3.1 Risk of known constituents

3.1.1 Removal in wastewater treatment plants. SimpleTreat
modelling indicated that all ve known cedarwood oil constit-
uents are removed from wastewater with over 90% efficiency. All
known cedarwood oil constituents apart from cedrol had
effluent emissions <3%. Cedrol had predicted 6% emissions via
the effluent consistent with its lower log KOW compared to the
other constituents. Cedarwood oil constituents were estimated
to be predominantly eliminated through partitioning into the
sludge (Table S3†). Volatilization was the second highest
removal process (Table S3†). Cedrol was the only constituent
that was estimated to be predominantly removed from the
wastewater through volatilization – with adsorption onto sludge
This journal is © The Royal Society of Chemistry 2022
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Table 2 Predicted distribution [%] of the individual cedarwood oil
constituents between air, water, sediment, and soil in the fate-based
and reference scenario with emissions into air and water

Constituent % Air % Water % Sediment % Soil

a-Cedrene 0.37 10.9 88.7 0.0159
b-Cedrene 0.442 9.33 90.2 0.0173
Thujopsene 0.0297 4.64 95.3 1.13 � 10�3

Cuparene 1.26 5.38 93.3 0.0602
Cedrol 5.8 38.4 20.2 35.6
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being the second highest removal pathway. This was again
consistent with the lower log KOW compared to the other
constituents (Table S3†). Between 23% (cuparene) and 65%
(cedrol) were estimated to be emitted from the WWTP into air.

3.1.2 Emissions of cedarwood oil constituents from the
wastewater treatment plant. The total estimated emissions of
cedarwood oil constituents from wastewater treatment plants
into water, soil, and air were >90% for all constituents (Table
S3†). Thus, less than 10% of the known constituents were
removed by biodegradation, which is consistent with the
compounds being “inherently biodegradable” rather than
“readily biodegradable” in the SimpleTreat inputs. Of these
emissions an average of 58% were through the application of
sludge onto soil, 35% were released into the air, and 3% into
water (Table S3†). The differences in removal within the
wastewater treatment plant for the individual constituents
resulted in a relative increase of the contribution of cedrol to the
overall cedarwood oil mixture compared to the pure oil in water
and air, whereas thujopsene and the cedrenes were reduced
compared to their contribution in pure oil (Fig. 3).

3.1.3 The relative amounts of each constituent calculated
by SimpleTreat were used as the input for RAIDAR

Estimated environmental fate of cedarwood oil constituents.
Modelled emissions into air and water in RAIDAR for most
constituents were predicted to partition to >80% into the sedi-
ment. Cedrol was the only constituent that was predicted to
remain in the water phase (38.4%) or in soil (35.6%). Less than
1% of the constituents were predicted to remain in the air,
except for cedrol (<6%) and cuparene (<2%) (Table 2).

For the cedarwood oil emitted onto soil via sludge applica-
tion, close to 100% was predicted to remain in the soil for all
constituents (Table S4†).

Estimated environmental risk
Reference scenario: equal emissions into water and air, no

wastewater treatment. In the reference scenario with equal
emissions into air and water and no wastewater treatment, the
modelled RAFs ranged from 3.4 � 10�4 for dairy cows exposed
Fig. 3 Changes in the relative composition [%] of cedarwood oil after
WWTP in air (orange), effluent (grey) or sludge (yellow) compared to
the pure oil (blue).

This journal is © The Royal Society of Chemistry 2022
to cedrol to an RAF of 1.9 for aquatic mammals exposed to a-
cedrene (Fig. 4, Table S5†). All constituents apart from cedrol
were predicted to pose the highest risk for aquatic mammals.

Fate-directed scenario: emissions into water and air following
wastewater treatment. In the fate-directed scenario with emis-
sions to water being reduced and partially re-directed to air and
soil by wastewater treatment, the estimated RAF remained well
below 1 for all cedarwood oil constituents (Fig. 4, Table S6†). For
emissions into air and water, a-cedrene and b-cedrene had the
highest predicted RAFs with 0.11, followed by thujopsene
(0.040), cuparene (0.015), and cedrol (6.6 � 10�4) (Fig. 4, Table
S6†). Similar to the risk estimates without wastewater treat-
ment, the model predicted the highest risk for aquatic
mammals for all constituents apart from cedrol which had the
highest RAF for cows (Table S6†).

The maximum RAF for emissions into soil was 9.7� 10�3, an
order of magnitude below the predicted RAFs from emissions
into air and water. The most vulnerable species were modelled
to be Avian omnivores (for a-cedrene and cuparene) and
terrestrial invertebrates (for b-cedrene, thujopsene, and cedrol)
(Fig. 4, Table S7†).
Fig. 4 Maximum risk assessment factors (RAF) for a-cedrene, b-
cedrene, thujopsene, cuparene, and cedrol from emission into air,
water (orange), and soil (grey) with wastewater treatment and into air
and water without wastewater treatment (blue). The red dotted line
indicates the cut-off for expected risk.

Environ. Sci.: Processes Impacts, 2022, 24, 1133–1143 | 1139
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Fig. 5 Maximum risk assessment factors (RAF) for 2500 hypothetical
unidentified constituents of cedarwood oil with a 1% contribution to
the total weight of the cedarwood oil mixture. The dotted red lines
present the 2.5th percentile to 97.5th percentile.
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3.2 Environmental risk of unidentied constituents

The predicted RAF for a hypothetical constituent with 1%
contribution to the cedarwood oil mixture and properties
randomly sampled from the chemical property space estimated
from the known constituents was between 3.9 � 10�11 for root
vegetables and 0.097 for aquatic mammals at a 95% condence
level. The maximum RAF was 0.80 for aquatic mammals (Fig. 5,
Table S8†). In only 49 of the 2500 Monte Carlo iterations (2%)
did the highest RAF of the hypothetical constituent exceed that
of the known constituents (Fig. 5), and in no case did the RAF
exceed 1.

4 Discussion
4.1 Environmental risk from cedarwood oil

The results indicate a potential risk from a-cedrene and b-
cedrene for aquatic mammals in the very conservative reference
scenario that assumed that all produced and imported cedar-
wood oil in the EU would be emitted into the environment
without wastewater treatment. In the more realistic, but still
conservative fate-based scenario that assumed that all produced
and imported cedarwood oil in the EU would be emitted but
included wastewater treatment for emissions into water the RAF
was reduced by a factor of 10 for most constituents (Fig. 4). This
indicated that the environmental risk of the cedarwood oil
constituents was driven by emissions into water rather than
emissions into the air or by applying sewage sludge onto soil,
because those emissions were not reduced in the fate-based
scenario.

Cedarwood oil is used as fragrance material in personal care
products, pet care products, aroma therapy, cleaning products,
as well as insect repellent and insecticide (NIH, 2002). Average
amounts in the respective products range from <1% in most
personal care products to 5% in laundry and fabric treatment
(Table S9†).23,26 Moreover, pure cedarwood essential oil can be
used in aroma therapy.27 The use of cedarwood oil in leave on or
rinse-of products supports the assumption that cedarwood oil
emissions into water will occur overwhelmingly down-the-drain
which means that it will enter a wastewater treatment plant,
1140 | Environ. Sci.: Processes Impacts, 2022, 24, 1133–1143
which will reduce the potential environmental risk consider-
ably. However, pulp mills have been suspected to be sources of
direct cedarwood emissions into water.19

That the water emissions drive the overall risk of cedarwood
oil constituents explains why aquatic mammals were modelled
to have the highest RAFs. Aquatic mammals generally have
higher lipid contents or occupy higher trophic levels than most
sh species, resulting in a higher accumulation of hydrophobic
chemicals such as the cedarwood oil constituents.28 Cedrol has
a lower log KOW than the other known constituents investigated
in this study, resulting in a lower modelled accumulation in
aquatic mammals and consequently a lower RAF.
4.2 Is the risk assessment based on the known constituents
representative for the entire UVCB?

Our proposed workow for the fate-based risk assessment of the
unidentied constituents has three important decision criteria
that have to be evaluated to decide whether the risk assessment
based on the known constituents is representative for the entire
UVCB (Fig. 2). The decision criteria outlined below ensure that
the framework can be applied for UVCBs other than cedarwood
oil or other essential oils.

(a) Can a distribution of physical–chemical properties that
represents the unidentied n constituents be estimated from
the chemical properties of the known constituents and other
information about the UVCB? This decision criterion was
established to ensure that the hypothetical unidentied
constituents created for the Monte Carlo analysis are repre-
sentative for the range of substances that could be present in
the UVCB. Based on the available characterization data for
cedarwood oil,13 it was assumed that all unidentied constitu-
ents would be terpenes or sesquiterpenes, meaning that none of
the unidentied constituents was expected to fall considerably
outside the chemical property space of the known constituents.
However, this criterion needs to be carefully evaluated for
UVCBs with more diverse physical–chemical property spaces.

(b) Can a distribution of toxicity that represents the
unidentied constituents be estimated from the toxicity of the
known constituents? This decision criterion was established to
ensure that hazards such as excess toxicity are ruled out before
proceeding to the fate-based risk assessment of the unidentied
constituents. Baseline toxicity and thus absence of excess
toxicity was supported for cedarwood oil based on the whole
UVCB toxicity tests that were conducted within the ECO-42
project.16 For a general application of our framework for
UVCB risk assessment, potential excess toxicity needs to be
evaluated carefully and additional experiments might be
necessary particularly with regards to potential endocrine
disruptive effects or carcinogenicity.29

The evaluation of decision criteria 1 and 2 indicated that no
further characterization data was needed to perform the fate-
based risk assessment of the unidentied constituents.

(c) Does the predicted RAF for the unidentied constituents
exceed the maximum RAF of the known constituents at a 95%
condence level? The main question the fate-based risk
assessment of the unidentied constituents tries to answer is
This journal is © The Royal Society of Chemistry 2022
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whether an unidentied constituent could present a higher risk
than any of the known constituents. In case of cedarwood oil,
we knew from the characterization data that none of the
unidentied constituents would have a contribution of >1% to
the oil mixture.13 Therefore we assessed the risk of a hypothet-
ical unidentied constituent with 1% contribution. Based on
the results, 2% of the 2500 hypothetical constituents had an
RAF that exceeded the RAF of a-cedrene and b-cedrene (the
known constituents with the highest predicted RAFs) (Fig. 4, 5,
Tables S6 and S8†). At a 95% condence level the RAF of all
unidentied constituents was below the RAF of a-cedrene and
b-cedrene (Tables S6 and S8†).

4.3 Risk drivers

The octanol–water partitioning coefficient was identied as the
main determinant for the predicted RAFs with a contribution to
variance of >30% (Fig. S1†). The second highest contributor to
Fig. 6 Prevalence of log KOW, water solubility, vapour pressure, EC50, T
compared to hypothetical constituents with an estimated RAF > 0.01 (bl

This journal is © The Royal Society of Chemistry 2022
the RAF variance was the toxicity with around 4% (Fig. S1†).
However, it was interesting to note that hypothetical constitu-
ents with predicted RAFs > 0.01 had consistently higher
log KOW, toxicity, persistence, and bioaccumulation potential
than hypothetical constituents with lower predicted RAFs, while
also having higher predicted water solubility and lower vapor
pressure (Fig. 6). While the combination of high KOW, toxicity,
persistence, and bioaccumulation potential are not surprising,
the high apparent water solubility calls into question whether
the combination of properties predicted to lead to RAFs > 0.01
are realistic.

Solubility and KOW are highly correlated. Therefore, the
“subcooled liquid solubility (SL)” can serve as an upper
boundary for possible exposure.30 A regression of log KOW

against SL can then be used to determine combinations of
physical–chemical property combinations that are not feasible.
1/2 sediment, and T1/2 mammals in all hypothetical constituents (red)
ue).
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To evaluate the highest RAF based on a realistic combination
of physical–chemical properties, we removed all hypothetical
constituents with an unrealistically high water solubility for the
respective log KOW. This led to an exclusion of 415 of the 2500
hypothetical constituents. The exclusion of predicted RAFs with
unrealistically high water solubility for the respective log KOW

reduced the 95 percentile RAF and median predicted RAF for
aquatic mammals and avian scavengers by an order of magni-
tude (Table S10†) which meant that the difference in RAF
between unidentied constituents and known constituents
exceeded the input data uncertainty. This provided strong
evidence that the risk assessment based on the known
constituents was representative for the entire cedarwood oil
UVCB.

The developed risk assessment strategy is a robust decision
tool to evaluate whether a UVCB risk assessment requires
additional tests or if the data on known constituents is repre-
sentative for the risk of the entire UVCB. As such the framework
can reduce unnecessary testing – reducing costs and the need
for test animals – as well as highlight data gaps in UVCB risk
assessments. The developed risk assessment is based on freely
available models, making it widely accessible.
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