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ng chemical risks in the food chain
associated with substances registered under
REACH†

J. Oltmanns, *a O. Licht, b M.-L. Bohlen,‡a M. Schwarz,a S. E. Escher,b V. Silano,c

M. MacLeod, c H. P. J. M. Noteborn,c G. E. N. Kass d and C. Merten*d

A screening procedure for the identification of potential emerging chemical risks in the food and feed chain

developed in a previous EFSA-sponsored pilot study was applied to 15021 substances registered under the

REACH Regulation at the time of evaluation. Eligible substances were selected from this dataset by

excluding (a) intermediates handled under strictly controlled conditions, (b) substances lacking crucial

input data and (c) compounds considered to be outside the applicability domain of the models used.

Selection of eligible substances resulted in a considerable reduction to 2336 substances. These

substances were assessed and scored for environmental release (tonnage and use information from

REACH registration dossiers), biodegradation (predictions from BIOWIN models 3, 5 and 6 evaluated in

a battery approach), bioaccumulation in food/feed (ACC-HUMANsteady modelling) and chronic human

health hazards (classification according to the CLP Regulation for carcinogenicity, mutagenicity,

reproductive toxicity and repeated dose toxicity as well as IARC classification for carcinogenicity).

Prioritisation based on the scores assigned and additional data curation steps identified 212 substances

that are considered potential emerging risks in the food chain. Overall, 53% of these substances were

prioritised due to chronic hazards identified in REACH registrations dossiers only (i.e. hazards not

identified in classifications from other sources). Bioaccumulation in food and feed predicted on the basis

of ACC-HUMANsteady modelling identified many substances that are not considered bioaccumulative in

aquatic or terrestrial organisms based on screening criteria of the relevant ECHA guidance documents.

Furthermore, 52% of the priority substances have not yet been assessed for their presence in food/feed

by EU regulatory agencies. This finding and illustrative examples suggest that the screening procedure

identified substances that have the potential to be emerging chemical risks in the food chain. Future

research should investigate whether they actually represent emerging chemical risks as defined in EFSA's

mandate.
Environmental signicance

A substantial amount of information on chemicals is collected under the European Union REACH Regulation. This study applied a scoring system to all
chemicals registered under the REACH Regulation with the goal of identifying emerging chemical risks to food and feed. The scoring system evaluated (i)
environmental release based on maximum aggregated tonnages and environmental release categories; (ii) biodegradation in the environment; (iii) bio-
accumulation in food and (iv) chronic human health hazards. 212 ‘potential emerging chemical risks’ were identied, most of which have not yet been evaluated
by regulatory agencies in the EU for their presence in food. The data generated in this screening study are made available to interested stakeholders to facilitate
further evaluations.
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§ Technically, these extractions from the ECHA website involve registrations
rather than substances, since there may be several registrations for any given
substance. However, the numbers of unique substances were derived in
addition to the number of registrations and are presented here for the sake of
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Introduction

The European Food Safety Authority (EFSA) is responsible for
the risk assessment of all aspects of food safety as established
by Regulation (EC) no. 178/2002. According to Article 34 of this
regulation, EFSA has the responsibility to establish procedures
to systematically search for and evaluate information with
a view to identify emerging risks in the eld of food safety. An
‘emerging risk’ is understood to be a risk resulting from (a)
a newly identied hazard to which signicant exposure may
occur or (b) an unexpected new or increased signicant expo-
sure or susceptibility to a known hazard.1 Recognising that the
available information is oen insufficient to conclude whether
a risk actually exists, EFSA subsequently introduced the term
‘emerging issue’ to describe cases in which ‘the information
collected is preliminary and too limited to be able to assess whether
it is (or it could develop) into an emerging risk’.2

Within the framework of its responsibility to identify
emerging risks, EFSA has pursued options to use data generated
under the European chemicals legislation (Regulation (EC) no.
1907/2006 on the Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH)) in order to identify
emerging chemical risks in the food chain. An EFSA-sponsored
pilot study developed a novel scoring system that was tested on
100 substances registered under REACH3,4 in order to gain
experience for a possible application to all chemicals registered
under REACH. The methodology developed and applied in the
pilot study assessed data in four blocks:

Block A (environmental releases): assessed on the basis of
tonnage and use information from REACH registration
dossiers.

Block B (biodegradation): assessed on the basis of experi-
mental data from REACH registration dossiers.

Block C (bioaccumulation in food/feed): assessed on the
basis of modelling using ACC-HUMANsteady.5,6

Chronic toxicity blocks: assessed on the basis of experi-
mental data on repeated dose toxicity, genotoxicity, and repro-
ductive and developmental toxicity from REACH registration
dossiers.

The methodology was applied successfully in the pilot
study.3,4 However, experience gained in the pilot study demon-
strated that extraction, curation and evaluation of experimental
data on biodegradation and chronic toxicity was not suitable for
semi-(automated) procedures for all chemicals registered under
REACH. Therefore, the pilot study also tested an assessment of
biodegradation based on predicted biodegradation data evalu-
ated in a battery approach and found a good agreement of
predicted biodegradation with experimental biodegradation
data. The use of predicted biodegradation data was therefore
recommended for screening large databases of chemicals. For
chronic toxicity, the pilot study recommended using the clas-
sication of substances according to the CLP Regulation
(Regulation (EC) no. 1272/2008) instead of experimental toxicity
data.3

This paper presents the results of the application of the
rened methodology to a large set of substances registered
106 | Environ. Sci.: Processes Impacts, 2020, 22, 105–120
under REACH in a second EFSA-sponsored study. While the
methodology and detailed results have been published by EFSA
in an external scientic report,7 this paper presents key ndings
and conclusions, with a focus on the substance selection,
evaluation and prioritisation results in the overall workow,
and reality checks carried out by additional analyses and
evaluations.

Materials and methods

The materials and methods for the multi-step procedure are
described in detail elsewhere.3,4,7 Briey, eligible substances
were rst selected from among all substances registered under
the REACH Regulation. These eligible substances were then
evaluated with respect to environmental releases (block A),
biodegradation (blocks B), bioaccumulation in food/feed (block
C) and chronic toxicity, which involved scoring in each of the
four blocks. Based on the scoring results, substances were pri-
oritised and the prioritisation results assessed as described
below.

Data sources and evaluation

The overall procedure was geared towards (semi-)automated
data extraction and evaluation procedures that allowed pro-
cessing of a large number of chemicals. The QSAR Toolbox
(version 3.4)8 was used at various stages, e.g. to retrieve SMILES
notations, to prole substances according to their structure, to
predict the degree of ionisation, to predict biodegradation and
as a source of physico-chemical input data for ACC-
HUMANsteady modelling. Since CAS numbers had to be used
for batch processing in the QSAR Toolbox and different SMILES
notations (of variable quality) may be assigned to a given CAS
number within the QSAR Toolbox, procedures were imple-
mented to ensure that the SMILES notation is of a high quality
and actually represents the substance to be assessed. These
procedures are described in detail elsewhere.7

Substance selection for evaluation of the four blocks. All
substances registered under the REACH Regulation were
extracted from the website of the European Chemicals Agency
(ECHA)9 in January 2017 as a single spreadsheet le.§ Only
substances registered with a ‘full registration’ were retained in
the selection. This selection step excluded substances exclu-
sively registered as intermediates handled under strictly
controlled conditions (‘intermediate registrations’), since these
were assumed to result in low releases to the environment. This
step also excluded substances that were notied under the
former chemicals legislation and are considered registered
according to Article 24 of the REACH Regulation (known as
‘NONS registration’ for ‘Notied New Substances’). NONS
registrations were excluded since relevant information,
including tonnage and use information, is not available.
simplicity.

This journal is © The Royal Society of Chemistry 2020
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The next step involved exclusion of substances lacking a CAS
number, since a CAS number is required for several evaluation
steps. The CAS numbers of the remaining substances were
loaded into the QSAR Toolbox to retrieve SMILES notations.
Substances without SMILES notations were also excluded, since
it is a pre-requisite for subsequent substance selection and
evaluation steps (e.g. the prediction of biodegradation; see
below). The SMILES notation was subsequently used to exclude
substances that are considered to be outside the applicability
domain of the models used to predict biodegradation and
bioaccumulation in food/feed (see below). To this end, several
prolers in the QSAR Toolbox were used to exclude metals,
metalloids, organometallic substances, inorganic and ionisable
substances. Ionisable substances were dened as substances
predicted in the QSAR Toolbox to be ionised by more than 90%
at pH 7.4. Furthermore, this step aimed at excluding UVCB
substances (‘substance of unknown or variable composition,
complex reaction products or biological materials’ under the
REACH Regulation) under the assumption that single SMILES
notations for UVCB mixtures would not provide a reliable basis
for modelling. All the evaluation and curation steps in the
substance selection process are described in detail elsewhere.7

Evaluation of the four blocks (environmental releases,
biodegradation, bioaccumulation and toxicity)

Environmental releases (block A). Environmental releases were
assessed on the basis of data submitted under the REACH
Regulation: (a) the maximum of the total tonnage band,
resulting in a Tonnage Score and (b) the potential releases as
indicated by the Environmental Release Category (ERC),
resulting in an ERC Score as described previously.3 If tonnage or
ERC information was not available, themaximum score of 5 was
assigned if the registration applied to a group of companies,
which was the vast majority of cases. In the few cases in which
the substance was registered by an individual company, one
half of the maximum tonnage score (i.e. 2.5) was assigned for
missing tonnage information. Score A is dened as the sum of
the Tonnage Score (5 possible scores, maximum of 5) and the
ERC Score (12 possible scores, maximum of 5) with a total
maximum Score A of 10 (see Table 1).

Biodegradation (block B). Biodegradation was evaluated in
a battery approach based on biodegradation predicted by BIO-
WINmodels 3, 5 and 6 in the QSAR Toolbox, resulting in a Score
B of 1, 6, 8 or 10 (see Table 1). Higher scores indicate a lower
degree of biodegradability. Full details of this approach and
Table 1 Possible scores in the four blocks and prioritisation criteria

Block Possible sc

Block A: environmental release 1.0025a – 1
Block B: biodegradation 1, 6, 8, 10
Block C: bioaccumulation in food/feed 1, 3, 6, 10

Toxicity block 1, 10

a Since the minimum Tonnage Score is 1 and the minimum ERC score is

This journal is © The Royal Society of Chemistry 2020
comparisons with experimental biodegradation data from
REACH registration dossiers are described elsewhere.3,7

Bioaccumulation in food feed (block C). Bioaccumulation was
assessed on the basis of ACC-HUMANsteady5,6 modelling as
described previously.3,7 Required input data, such as physico-
chemical properties and biotransformation half-lives, were
generated using the QSAR Toolbox. Assuming equal emissions
of all substances, Score C is based on the concentration of
a substance predicted in each of the 12 evaluated food/feed
items relative to the quartiles of the distribution of the
concentrations in each food/feed item for all 2336 substances.
For example, if for a given substance the modelled concentra-
tion in apples was higher than the 75th percentile of all 2336
modelled concentrations in apples, the substance was assigned
a score of 10 for the food item apple. At the other extreme,
a concentration below the 25th percentile of all concentrations
led to a score of 1, with scores of 3 and 6 in between those
extremes (Table 1). The maximum score assigned in any food/
feed item was taken as the nal Score C.

Chronic toxicity (toxicity blocks). The assessment of chronic
toxicity was based on classication information as recommended
in the pilot study.3 The classication for the following four
endpoints representing chronic human health hazards was
assessed on the basis of classication information provided under
the CLP Regulation (Regulation (EC) no. 1272/2008 on the clas-
sication, labelling and packaging of substances and mixtures) in
ECHA's Classication & Labelling Inventory database:10 (a) carci-
nogenicity, (b) mutagenicity, (c) reproductive toxicity and (d)
repeated dose toxicity (specic target-organ toxicity aer repeated
exposure (STOT RE) in REACH terminology).

Throughout this paper, the term ‘classication’ refers to
classications for these four endpoints (called ‘relevant
endpoints’ hereaer).

For carcinogenic effects, classications by the International
Agency for Research on Cancer (IARC)11 were considered in
addition to those reported in ECHA's Classication & Labelling
Inventory database. Classication information was evaluated in
a hierarchical order: (1) harmonised classication agreed upon
by EU Member States (HARMON hereaer), (2) IARC classica-
tions (IARC), (3) classications from joint and individual
submissions of REACH registration dossiers (REACH) and (4)
other classications in ECHA's Classication & Labelling Inven-
tory database (OTHER). Since it was evident that other classi-
cations include unreliable classications, an extensive procedure
was applied to assess the reliability of such classications as
ores Prioritisation criteria

0 (60 possible scores) Score A > 5 OR Score B > 5

AND
Score C > 5
AND
Toxicity Score ¼ 10

0.0025, the minimum Score A is 1.0025.

Environ. Sci.: Processes Impacts, 2020, 22, 105–120 | 107
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Table 2 Lists consulted for the evaluation of priority substances

Listing Abbreviation

EFSA OpenFoodTox databasea EFSA
Candidate list of substances of very high concern (SVHC) for authorisationb CL
Authorisation list (Annex XIV of the REACH Regulation)c AL
Restriction list (Annex XVII of the REACH Regulation)d RL
CoRAP list (community rolling action plan for substance evaluation)e CoRAP
PACT list (the public activities coordination tool)f PACT
Biocides list (substances assessed under EU legislation as biocidal active substances)g Biocides
EU RAR (substances for which a risk assessment report was prepared
under the former EU chemicals legislation)h

RAR

a Sources (all accessed in May 2018): https://www.efsa.europa.eu/en/data/chemical-hazards-data. b Sources (all accessed in May 2018): https://
echa.europa.eu/candidate-list-table. c Sources (all accessed in May 2018): https://echa.europa.eu/authorisation-list. d Sources (all accessed in May
2018): https://echa.europa.eu/substances-restricted-under-reach. e Sources (all accessed in May 2018): https://echa.europa.eu/information-on-
chemicals/evaluation/community-rolling-action-plan/corap-table. f Sources (all accessed in May 2018): https://echa.europa.eu/de/pact. g Sources
(all accessed in May 2018): https://echa.europa.eu/information-on-chemicals/biocidal-active-substances. h Sources (all accessed in May 2018):
https://echa.europa.eu/information-on-chemicals/information-from-existing-substances-regulation.
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described in more detail by Oltmanns et al.7 A reliable classi-
cation for any of the four endpoints resulted in a Toxicity Score of
10 irrespective of the level of evidence. For example, suspected
carcinogens, mutagens or reproductive toxicants (Category 2)
were assigned the same Toxicity Score of 10 as those for which the
evidence is generally considered conclusive (Category 1A or 1B).
Similarly, all substances in IARC groups 1, 2A and 2B for carci-
nogenicity as well as substances classied for repeated dose
toxicity (STOT RE 1 or 2) were assigned a Toxicity Score of 10
(Table 1). For some of the evaluations presented below,
substances classied for carcinogenicity, mutagenicity or repro-
ductive toxicity (CMR properties) were differentiated from those
classied for repeated dose toxicity only.
Prioritisation of evaluated substances

An evaluation of different approaches to identify priority
substances found that applying heuristic rules for scores in
each block represents the best option. Weighting scenarios
using predened algorithms that put different weight on the
scores in individual blocks were also evaluated. The algo-
rithms provide quantitative rankings of all substances, and are
discussed in detail elsewhere.7

Table 1 illustrates the possible scores in each block and also
describes the heuristic rules applied in the prioritisation. The
heuristic rules are designed to prioritise substances that combine
relatively high toxicity with high potential for exposure of the
food chain. Thus substances with a score of 10 in the toxicity
block are prioritised since chronic human health hazards are
most relevant as potential emerging risks. Either high environ-
mental releases (Score A > 5) or little potential for biodegradation
(Score B > 5) combined with high potential for bioaccumulation
in food or feed (Score C > 5) was considered sufficient for pri-
oritisation due to high potential exposure of the food chain.
Evaluation of the prioritisation

The priority substances identied by the screening approach
described above are likely to include (a) substances that have
108 | Environ. Sci.: Processes Impacts, 2020, 22, 105–120
already been assessed in detail for their presence in food/feed,
(b) substances that have received some attention under EU
chemicals legislation and (c) substances that have not been
assessed in more detail. Therefore, we analysed whether
substances have already been assessed by regulatory agencies
for their presence in food/feed.

We retrieved all substances included in EFSA OpenFoodTox
database12 as well as substances included in seven lists related
to EU chemicals legislation (Table 2) and the priority substances
identied in this study were checked against the substances
included in these eight lists. More information on the back-
ground and purpose of the corresponding databases and list-
ings is available from the sources provided.

It was not feasible to check why substances included in these
eight lists were not prioritised by our approach. All eight lists
combined contain almost 6000 substances and the respective
documentation would need to be checked in order to identify
reasons for the listing. It is also not meaningful to perform such
checks, since in almost all cases the reason for listing is not ex-
pected to be related to risks resulting from human exposure via
the food chain. For example, inclusion in the Candidate list,
Authorisation list and Restriction list is usually only hazard-
based. While inclusion in the CoRAP may consider exposure-
related concerns, these are based on general information (high
tonnage, wide dispersive uses or assumed environmental expo-
sure) rather than a consideration of pathway-specic information.
Illustrative examples

The overall evaluation applied (semi-)automated procedures
that allowed screening of a large number of substances. The
identied priority substances can be considered potential
emerging chemical risks or ‘emerging issues’ in EFSA's termi-
nology.2 Additional data are required to establish whether these
substances actually represent ‘emerging chemical risks’.1 Olt-
manns et al.7 evaluated such additional data for ten of the
priority substances identied. This evaluation forms the basis
of the four illustrative examples discussed here.
This journal is © The Royal Society of Chemistry 2020
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Presentation of results

As discussed in the Introduction, EFSA has developed a termi-
nology that differentiates ‘emerging risks’ and ‘emerging issues’.
In the context of this study, the term ‘priority substances’ is used
for the stages of evaluation and prioritisation, while the term
‘potential emerging chemical risks’ is used in the context of
conclusions reached. This term may be understood as synony-
mous with ‘emerging issues’,2 but is more specically related to
chemicals and risk. Illustrative examples emphasise the prob-
lems associated with concluding whether a potential emerging
chemical risk actually represents an emerging chemical risk.
Apart from the evaluation and prioritisation results, this study
also makes public the data generated in this study (see ESI†) for
other applications by all stakeholders.
Results
Substance selection for evaluation of the four blocks

The requirement that substances be registered with a full
registration excluded almost 9000 substances from the priori-
tisation (Table 3). About half of these substances are excluded
because they are used as intermediates under strictly controlled
conditions. Tonnage information is not publicly available for
such ‘intermediate registrations’. According to our method-
ology, in nearly all cases missing tonnage information would
have led to a maximum default Tonnage Score (see Materials
and methods). Our choice to exclude intermediates therefore
invokes the assumption that this use pattern results in low
environmental releases. With respect to NONS, the corre-
sponding substances cannot be assumed to be associated with
low environmental releases. Since information on the tonnage
and on the use pattern are not available for these substances,
default worst case scores for block A indicating high environ-
mental releases would have resulted in prioritisation of all 4511
substances with ‘NONS registrations’. Prioritisation of such
a high number of substances due to lack of data was considered
Table 3 Number of substances excluded and retained during substance

Substances selection step
Numb
rema

All registered substances 15 02

Selection by registration type
Intermediate registrations
NONS registrations
Full registrations 6843

Selection by required input data
CAS number availability 5380
SMILES notation availability 4330

Selection by applicability domain and curation
Applicability domain considerations 2374
Final data curation steps 2336

a The sum of substances excluded (4456 + 4511 ¼ 8967) is higher than th
registration (15 021–6843 ¼ 8178) since substances with an intermediate
see Oltmanns et al.7 for details.

This journal is © The Royal Society of Chemistry 2020
not meaningful. Additional analyses showed that only 25% of
all NONS registrations have a CAS number assigned and
a SMILES notation could only be retrieved in the QSAR Toolbox
for 43% of the NONS with a CAS number. Furthermore, limited
analyses indicated that most of these substances are manufac-
tured at comparatively low tonnages.7

The data in Table 3 illustrate that 1463 substances with a full
registration were excluded due to a lacking CAS number. While
most of these substances have an EC number (an identication
number assigned under European Union chemicals legislation),
batch processing in the QSAR Toolbox requires a CAS number
thus necessitating their exclusion. Additional analyses showed
that the fraction of substances with comparatively high tonnages
(Tonnage Score > 2) is lower among the excluded substances
(8.1%) than among the substances with a CAS number (18%).
Most of these high volume substances lacking a CAS number
represent UVCBs or inorganic substances and the same applies to
most of the substances lacking a SMILES notation.7

Finally, applicability domain considerations excluded 1956
substances and most of these substances (66%) were excluded
because they were predicted to be ionised by more than 90% at
environmentally relevant pH values.7

Overall, 2336 substances (16% of those entering the
substance selection) were selected and subsequently evaluated
with respect to the four blocks.
Evaluation of the four blocks and prioritisation of evaluated
substances

All 2336 substances were assessed in the four blocks and scored
according to the approach described in Materials and methods.
The resulting scores in each of the four blocks as well as addi-
tional data and evaluations are documented in detail elsewhere.7

This paper focusses on the prioritisation approach using the
criteria shown in Table 1. Based on these criteria, it is meaningful
to present the overall results differentiated by the Toxicity Score
and Score C (Bioaccumulation), since scores > 5 in these two
selectiona

er of substances
ining in selection

Number of substances
excluded

1

4456
4511

1463
1050

1956
38

e difference between the total number and those registered with a full
registration or a NONS registration may also have a full registration;
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blocks are a requirement for prioritisation. Fig. 1 shows the
distribution of substances based on these prioritisation criteria.
For these plots, scores for the individual blocks have been trans-
lated into more meaningful descriptions (see Fig. 1 for details).

Eighty-ve percent (N ¼ 1810) of the 2336 substances were
assigned a Toxicity Score of 1 and most of these (N¼ 1610) were
not classied for relevant endpoints in any notication in the
CLP Inventory. A relevant toxicity classication was available in
the remaining 200 cases, but was considered to be of very low
reliability and therefore not assigned a Toxicity Score of 10. Out
of these 1810 substances, 517 substances have high scores
(scores > 5) in all other blocks (Fig. 1, top right). Therefore, these
substances are candidates for future screening for relevant
toxicity endpoints.

The majority of the 526 substances assigned a Toxicity Score
of 10 were classied by harmonised classications (N ¼ 281;
53%), IARC classications (N¼ 24; 4.6%) or classications from
Fig. 1 Distribution of scores for substances assigned a Toxicity Score of 1
N ¼ 526). Low release: Score A < 5, high release: Score A > 5; readily biod
columns identify substances meeting the prioritisation criteria shown in
oritisation criteria for block C and toxicity only, while white columns iden
any of the blocks.

110 | Environ. Sci.: Processes Impacts, 2020, 22, 105–120
REACH registration dossiers (N ¼ 209; 40%). The remaining 12
substances (2.3%) have other classications.7

Among the 526 substances assigned a Toxicity Score of 10,
266 substances met the prioritisation criteria shown in Table 1
(dark red columns in Fig. 1, bottom right), while 17 substances
only met the criteria for Score C and the Toxicity Score, but had
a score < 5 in both block A and block B (light red column in
Fig. 1, bottom right). Due to the uncertainties associated with
block A, these substances were manually evaluated with respect
to possible environmental releases. As discussed in more detail
in Oltmanns et al.,7 Score A was underestimated in the semi-
automated scoring procedure for one of these 17 substances
(hydroquinone, CAS no. 123-31-9) that was therefore added to
the list of prioritised substances.

Overall, 267 out of 2336 substances were therefore initially
prioritised. Most of these substances (212/267; 79%) were pre-
dicted not to be readily biodegradable (see Fig. 1). Further
(top two plots, N¼ 1810) and a Toxicity Score of 10 (bottom two plots,
egradable: Score B < 5, not readily biodegradable: Score B > 5; dark red
Table 1, the light red column relates to substances meeting the pri-
tify all other substances. Note: a score of exactly 5 was not assigned in

This journal is © The Royal Society of Chemistry 2020
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analyses of these 267 substances revealed that – despite the
effort made to exclude UVCB substances during substance
selection – 50 of these 267 substances are UVCB substances
(almost exclusively petroleum products). These analyses also
showed that the toxicity classication may have been impacted
by impurities in ve cases. Exclusion of these 55 substances
resulted in 212/2336 substances (9.1%) that are considered
priority substances for further evaluation (i.e. ‘potential
emerging risks’ as discussed below).

In this nal selection, 171/212 substances (81%) had
a Score B > 5, a fraction that is almost identical to the one
obtained for the 267 substances initially selected (79%; see
above). In fact, 155/212 substances (73%) are predicted not to
be biodegradable at all (Score B ¼ 10). This nding is impor-
tant since Score A is associated with an uncertainty due to the
possibility that the tonnage (leading to the Tonnage Score) and
the use (leading to the ERC Score) may not be related. For
example, 99% of the tonnage may be used in applications with
much lower (or even negligible) environmental releases than
indicated by the ERC Score. The nding that most of the
priority substances are predicted to show little or no biodeg-
radation makes them potential candidates for further evalua-
tion even if releases to the environment are comparatively
small.
Evaluation of the prioritisation

Of the 212 priority substances, 145 substances were assigned
a Toxicity Score of 10 due to classications for CMR properties
(31 of these 145 substances were also classied for repeated
dose toxicity). The remaining 67 substances were assigned
a Toxicity Score of 10 on the basis of classications for repeated
dose toxicity only (i.e. without any concurrent classication for
CMR properties). Most of these 212 substances had a harmon-
ised classication, IARC classication for carcinogenicity or
Fig. 2 Percentage of substances listed and not listed in any of the source
text, ‘repeated dose toxicity’ refers to substances classified for repeated d
for the sources of classification information are described in Materials an

This journal is © The Royal Society of Chemistry 2020
a classication from REACH registration dossiers. Only 12
substances were classied in other classications (Fig. 2).

We subsequently analysed whether there is a difference
between the priority substances not listed in any source and
those listed in at least one of the eight sources (see Table 2 for
explanations) depending on (a) the endpoints (CMR properties
versus repeated dose toxicity) and (b) the source of the classi-
cation. Most of the 212 priority substances (110 out of 212, 52%)
were not listed in any of the eight sources evaluated. They are
therefore unlikely to have been assessed in the EU. This nding
illustrates that the screening approach identied substances
that have not receivedmuch attention by EU regulatory agencies
in the past. However, it should be noted that (a) 40 substances
(19%) were included in EFSA's OpenFoodTox database and may
therefore have received at least some attention in relation to
their presence in food/feed (7 of these are also included in the
Candidate List of Substances of Very High Concern (SVHC) for
authorisation); (b) 27 substances (13%) were included in the
Candidate list (including the 7 substances also included in
EFSA's OpenFoodTox database) and may therefore be subject to
inclusion in the Authorisation list with the ultimate aim of
substitution; however, only one third (9/27) of the substances in
the Candidate list was also on the Authorisation list (Annex XIV
of the REACH Regulation) at the time of evaluation, and (c) 42
substances (20%) were listed in sources other than EFSA's
OpenFoodTox database and the Candidate list.

The prioritisation approach successfully identied
substances that (i) have relevant hazardous properties, (ii) are
predicted to occur in the environment, (iii) are predicted to be
potentially relevant in food/feed and (iv) do not appear to have
been assessed for this exposure pathway in the past. This is
likely to be the case for the 110 substances not listed in any of
the sources evaluated, but may also apply to substances listed in
some of these sources (see below for examples).
s evaluated by endpoint and source of classification. As indicated in the
ose toxicity without any classification for CMR properties. Abbreviations
d methods.
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Fig. 2 shows in more detail the differentiation by endpoint,
the source of the classication and whether a substance is listed
in any of the eight sources evaluated or not. For example, 61 of
the 212 substances have a harmonised classication for CMR
properties and 51 of these (84%) are listed in at least one of the
sources evaluated. In contrast, only 31% of the 16 substances
with a harmonised classication for repeated dose toxicity (but
not for CMR properties) are listed in at least one of these
sources. This suggests that CMR properties more likely result in
a listing than a classication for repeated dose toxicity.
However, the source of the classication is also important. The
data in Fig. 2 suggest that a harmonised classication for CMR
properties more likely results in a listing (84% of the 61
substances) than a classication for CMR properties in REACH
registration dossiers (35% of the 63 substances). The same
pattern is not evident for substances classied for repeated dose
toxicity (but not CMR properties), for which the fraction of
substances listed is similar (31% for harmonised classications
and 27% for classications from REACH registration dossiers).

Collectively, these data suggest that prioritisation on many
lists is based on harmonised classications for CMR properties,
while classications for CMR properties in other sources or
classications for repeated dose toxicity in any source less oen
lead to prioritisation in other schemes. This observation is in
line with the prioritisation approaches for many of the REACH-
related lists. Thus, no substances are currently included in the
Candidate list under the REACH Regulation based on a classi-
cation for repeated dose toxicity alone. In fact, there were only
nine entries in the Candidate list for which repeated dose
toxicity was a reason for inclusion: all of these refer to cadmium
compounds for which carcinogenic effects were also given as
a reason for inclusion.13 The ndings for IARC and other clas-
sications shown in Fig. 2 should not be given too much weight
due to the small number of substances in each group.

The data in Fig. 2 also demonstrate that 112 of the 212
priority substances (53%) were identied as hazardous due to
a classication in REACH registration dossiers: 63 substances
classied for CMR properties and 49 substances classied for
repeated dose toxicity. The hierarchical evaluation of classi-
cation information (see Materials and methods) implies that
these 112 substances did not have a harmonised or IARC clas-
sication for the relevant endpoints. This study therefore
identied more than half of the priority substances by making
use of classication information from REACH registration
dossiers. Fig. 2 illustrates that the majority of these 112
substances has previously not been selected for further evalu-
ation: 65% of the 63 substances classied for CMR properties
and 73% of the 49 substances classied for repeated dose
toxicity in REACH registration dossiers (in total: N ¼ 77/112,
69%).

Top 20 priority substances. In order to gainmore insight into
the performance of the prioritisation approach, the 20 highest
ranking substances identied by the weighting algorithms
mentioned in Materials and methods and described in detail
elsewhere,7 were analysed in more detail. Table 4 shows infor-
mation on the listings as well as the maximum REACH regis-
tration tonnages for these 20 substances.
112 | Environ. Sci.: Processes Impacts, 2020, 22, 105–120
Among these 20 high-ranking substances there are seven
substances that have already been assessed by EFSA: bisphenol
A (BPA),15 hexabromocyclododecane (HBCDD),14 tetrabromobi-
sphenol A (TBBPA)16 and melamine17 were assessed in detail by
EFSA and all except melamine were also found in several other
lists. At least for HBCDD and TBBPA, the occurrence in food/
feed is largely considered to be the result of releases of these
substances to the environment and subsequent accumulation
in the food chain.14,16 This nding conrms the general validity
of the screening procedure applied in this study. Two of these
substances are included in the Candidate list and one of them
(HBCDD) is also included in the Authorisation list. In fact, the
only authorisations granted for this substance have expired in
August 2017 so that all uses (except manufacture and use as an
intermediate, which are exempted from authorisation under
the REACH Regulation) are prohibited in the EU. The decrease
in the tonnage between February 2017 and November 2018 (see
Table 4) may reect this fact. The assessment of the other three
substances by EFSA was more limited in scope.18–20 For example,
4-nitroaniline was only evaluated as an impurity in a specic
feed supplement for chicken.18 Retinol acetate (vitamin A),
which was classied in the REACH registration dossier as
a reproductive toxicant (Repr. Cat. 1B), was only assessed for its
use as a feed supplement.19 These examples illustrate that an
assessment by EFSA does not necessarily include all pathways of
exposure, whereas this study identied substances that may
enter the food chain due to releases to the environment, i.e. by
a pathway not yet addressed by EFSA.

Of the remaining 13 substances not assessed by EFSA, seven
are included in at least one list. Further analyses of the docu-
ments related to these listings showed that the assessments were
primarily hazard-based and none of the evaluations involved an
appraisal of human exposure via the food chain. For example, the
substance evaluation under the CoRAP listing for 6,60-di-tert-
butyl-2,20-methylenedi-p-cresol (DBMC) did not include any
exposure considerations. This substance is also discussed in the
illustrative examples below. Finally, six of the 20 high-ranking
substances are not included in any of the lists evaluated.

Overall, these data suggest that the prioritisation approach
identied a few substances that were already assessed in detail
for their presence in food, thus demonstrating the validity of the
procedure. However, most priority substances were (a) not yet
assessed for their presence in food by EU regulatory agencies or
(b) were assessed in food/feed only due to specic uses but not
in relation to possible entry into the food chain from environ-
mental releases. This observation indicates that the approach
also successfully identied potential emerging chemical risks in
relation to exposure via the food chain.
Illustrative examples

Ten of these 212 priority substances (or potential emerging
chemical risks) identied in this study were evaluated in more
depth by Oltmanns et al.7 with the aim to establish whether they
actually represent emerging chemical risks. These evaluations
conrmed the screening assessment for all ten substances in
relation to block A, block B and the toxicity block. Conrmation
This journal is © The Royal Society of Chemistry 2020
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Table 4 Information on the 20 highest ranking priority substancesa,b

No. Name CAS no. Listed in Tonnagec

Assessed by EFSA (N ¼ 7)
1 Bisphenol A (BPA) 80-05-7 EFSA, CL, RL, PL, CoRAP, RAR 10 000 000
2 Hexabromocyclododecane (HBCDD) 25637-99-4 EFSAf, CL, AL, RAR 100 000/10 000
3 Tetrabromobisphenol A (TBBPA) 79-94-7 EFSA, PL, CoRAP, RAR 10 000
4 Melamine 108-78-1 EFSA 1 000 000d

5 4-Nitroaniline 100-01-6 EFSA 10d

6 Retinol acetate 127-47-9 EFSA 10
7 2,2-(1,4-Phenylene)bis-((4H-3,1-benzoxazin-4-one)) 18600-59-4 EFSA 100

Not yet assessed by EFSA but on other lists (N ¼ 7)
8 4,40-Methylenediphenyl diisocyanate 101-68-8 CoRAP, PL, RL 1 000 000d

9 Triphenyl phosphite 101-02-0 CoRAP, PL 10 000d

10 6,60-Di-tert-butyl-2,20-methylenedi-p-cresol 119-47-1 CoRAP 10 000
11 A mixture of triphenylthiophosphate and tertiary

butylated phenyl derivatives
192268-65-8 CoRAP 1000

12 2,4-Dihydroxybenzophenone 131-56-6 PL 10/1000
13 Piperonyl butoxide 51-03-6 CoRAP, biocides TDC/10e

14 1,2-Bis(2-methoxyethoxy)ethane 112-49-2 CL 100

Not listed in any of the sources evaluated (N ¼ 6)
15 Phenol, isopropylated, phosphate (3 : 1) 68937-41-7 Not listed 10 000
16 N,N0-Di-sec-butyl-p-phenylenediamine 101-96-2 Not listed 1000
17 2-Benzyl-2-dimethylamino-40-morpholinobutyrophenone 119313-12-1 Not listed 1000e

18 2,5,8,11,14-Pentaoxapentadecane 143-24-8 Not listed 1000
19 4-Aminophenol 123-30-8 Not listed 100d

20 2,3-Bis((2-mercaptoethyl)thio)-1-propanethiol 131538-00-6 Not listed 10

a See Table 2 for the meaning of the abbreviations used. b Only substances with a reliable Toxicity Score were included in this analysis (one high
ranking substance excluded). c Upper end of the REACH registration total tonnage band (in t/a) in original evaluation in February 2017/when
checked again in November 2018. d One or several additional intermediate registrations. e One or several additional full registrations. f Not
contained in EFSA's OpenFoodTox database (as identied by name and CAS number), but in fact evaluated by EFSA.14
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of the results for block C (bioaccumulation in food/feed),
however, is more difficult and in many cases impossible,
since few substances are monitored in food/feed. At the same
time, information on the occurrence in food/feed is crucial in
establishing whether a potential emerging chemical risk may
actually represent an emerging chemical risk. Therefore, the
occurrence of these substances in other media (e.g. surface
water) was also evaluated based on the understanding that the
presence of a substance in environmental media is a pre-
requisite for uptake into food/feed (e.g. via irrigation water).
While occurrence in environmental media in itself does not
indicate a high bioaccumulation potential, this surrogate
approach was considered helpful in the evaluation. Note that
any occurrence in environmental media also conrms the
assessment of blocks A and B. The following four examples
illustrate general issues observed in the evaluation of occur-
rence data that have an impact on the decision whether
a substance may be considered an emerging chemical risk.

Melamine (2,4,6-triamino-1,3,5-triazine; CAS no. 108-78-1).
The presence of melamine in food/feed is well established and
has been extensively studied since cases of adulteration of food/
feed became public in 2008. The EFSA assessment of 2010
(EFSA, 2010a) summarises much of the data on melamine
presence in food/feed available at the time, but it is impossible
to reliably evaluate the data with respect to pathways of
This journal is © The Royal Society of Chemistry 2020
exposure. Such a differentiation is required since melamine
may be present in food/feed (a) as a result of adulteration, (b)
due to its presence in food contact materials (e.g. cooking
utensils), or (c) as a degradation product of the pesticide cyro-
mazine. Furthermore, the data generated in this study suggest
that melamine may enter the food chain due to releases to the
environment. Apart from melamine itself, melamine cyanurate
(CAS no. 37640-57-6) was also prioritised in the present study.
Since melamine cyanurate releases melamine in aquatic envi-
ronments, melamine cyanurate may contribute to concentra-
tions of melamine in the environment. Both substances are
registered at high tonnages (upper end of the total tonnage
band: 100 000 (melamine cyanurate) and 1 000 000 tonnes per
annum (melamine)). Considering these volumes, there is
a surprising paucity of information on the presence of mela-
mine in the environment. In the German Federal State of North
Rhine-Westphalia, melamine was detected in all four rivers
monitored (including the Rhine river) and in the Dutch part of
the Rhine catchment area, melamine concentrations regularly
exceeded 1 mg L�1.21,22

Overall, this example highlights the importance of consid-
ering different pathways by which a substance may enter food
and feed and illustrates the lack of robust information on the
occurrence in environmental compartments even for high
volume substances.
Environ. Sci.: Processes Impacts, 2020, 22, 105–120 | 113
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TDCIPP (tris(1,3-dichloro-2-propyl) phosphate; CAS no.
13674-87-8). TDCIPP is an organophosphorus ame retardant
used in polyurethane foams that is widely detected in the
inuent and effluent as well as sludges from municipal sewage
treatment plants (STPs) in several European countries.23–26

Based on the EMPODAT database (https://www.normandata.eu/
empodat/index.php, accessed September 2018), TDCIPP
concentrations in river water from seven EU Member States
were above the limit of detection (LoD) in 66/89 cases and
ranged between 3.9–28 ng L�1. However, higher maximum
concentrations were reported in the literature for some Euro-
pean rivers27–29 and the highest mean concentration (155 ng L�1)
was observed for the Elbe river, possibly higher than previously
measured due to the increased use of the substance as
a substitute of other ame retardants.30,31 TDCIPP was included
in the EU Joint Black Sea Survey 2017 (EMBLAS II) and was not
only detected inside and outside the Danube delta and in
seawater from the Georgian and the Ukrainian coast, but also in
open seawater at concentrations of up to 0.84 ng L�1.32

Furthermore, the substance was detected in rainwater and snow
in Germany and Sweden.33,34

TDCIPP was analysed in a Swedish market basket survey
involving 53 composite food samples from 12 food categories.
The substance was detected in several food items and the
highest mean concentrations were found in fats/oils, beverages,
sugar/sweets, cereals and vegetables.35 The number of samples
per food category was very small (N ¼ 2–5). TDCIPP was also
detected in 165 food samples from 14 food categories sampled
in Belgium. The highest mean concentrations were found in
cheese, baby food, potatoes and fats/oils, the latter category
showing the highest concentrations due to inclusion of sh oil
supplements.36 Again, the number of samples was small (N¼ 4–
17 per category). TDCIPP was also analysed in duplicate diets of
a Norwegian cohort (N ¼ 61) collected over a 24 h period. In
contrast to the ndings in Belgium and Sweden, all samples
were below the LoD.37 In Sweden, TDCIPP concentrations in
marine and freshwater sh were consistently below the LoD,
except for freshwater sh sampled close to sources (e.g. STPs)
that showed TDCIPP concentrations of 36–140 ng g�1 lipid.38 No
bioaccumulation was observed in benthic and pelagic food
webs of the Western Scheldt estuary in the Netherlands.39

Finally, the uptake of TDCIPP in plants (strawberry, lettuce) was
shown experimentally.40,41 Overall, these data generally support
the assessment of block C in this study. The fact that TDCIPP
concentrations were below the limit of detection in all samples
of the Norwegian study is somewhat surprising, but may be
related to the methodology. In this study, one sample consisted
of all food and drink consumed over the past 24 h, thus
potentially diluting high concentrations in specic foods.

In human biomonitoring studies, the relevant TDCIPP
metabolite was frequently found in urine samples in concen-
trations above the LoD in studies in Sweden,42 Norway43 and
Belgium.44 The fraction of samples above the LoD appeared to
be higher in Sweden and Norway (52–91%) than in Belgium
(25%). These data demonstrate existing human exposure, but
are unable to identify the sources of exposure. For
114 | Environ. Sci.: Processes Impacts, 2020, 22, 105–120
organophosphorus ame retardants in general, exposure by
other pathways (e.g. inhalation and ingestion of house dust) is
generally believed to be higher than intake from food.38,43

However, the sample sizes of the available studies on the
occurrence in food are too small to allow a nal conclusion with
respect to the relevance of this pathway for TDCIPP.

Overall, this example illustrates that our screening assess-
ment correctly predicted the occurrence in environmental
media including food. The relevance of dietary exposure in
comparison with other pathways of exposure needs to be
assessed in more detail and a more robust data basis is also
required to establish whether TDCIPP represents an emerging
chemical risk.

Sulfolane (tetrahydrothiophene 1,1-dioxide; CAS no. 126-33-
0). Sulfolane is primarily used as an extraction solvent in the
petrochemical and gas industry. Most data on the environ-
mental occurrence are related to cases of contamination close to
sites of use. In Canada, maximum concentrations of 701 mg
kg�1 soil, 800 mg L�1 groundwater and 185 mg L�1 surface
water have been detected close to facilities using sulfolane, but
the substance is generally not expected to occur away from such
facilities.45,46 However, sulfolane was detected in the river Ruhr
by non-target screening analyses carried out by German
authorities in 2009 (up to 70 mg L�1). Further evaluations
identied the effluent of a STP as the source, which received
input from a facility treating hazardous waste (up to 28 000 mg
L�1). The maximum concentrations in raw water abstracted
from the Ruhr river for drinking water preparation was 13.4 mg
L�1.47 The data reect a specic incident (total sulfolane
amount emitted estimated to be 3–4 tonnes) and may not
represent typical situations. However, it must be noted that the
source was only identied by non-target screening analyses and
most likely would have gone unnoticed under normal moni-
toring arrangements.

Sulfolane was shown to occur in a variety of crops cultivated
in an area affected by contaminated groundwater in North Pole
(Alaska). The highest sulfolane concentrations were observed in
green beet leaf, leaf lettuces, currant, tomato and zucchini fruit
(up to 198 mg kg�1).48 Experimental studies have demonstrated
rapid uptake and translocation into the shoots of soybean and
tomato plants,49 uptake from irrigation water and translocation
into leaves and fruit of apple trees50 as well as uptake by wetland
vegetation.51,52 Taken together, sulfolane appears to be taken up
into crops, but it remains unclear whether environmental
contamination is limited to cases of contamination close to
sites of use or is more widespread. Furthermore, the data is too
limited to conclude whether the substance represents an
emerging chemical risk in the food chain.

DBMC (6,60-di-tert-butyl-2,20-methylenedi-p-cresol; 2,20-
methylenebis(6-t-butyl-4-methylphenol); CAS no. 119-47-1). The
substance is primarily used as an antioxidant and stabilizer in
rubber and a variety of (co)polymers. It was detected in the
effluent and the sludge from a STP in China53 and in ground-
water in Slovenia.54 DBMC was also detected in childcare arti-
cles55 as well as some food packaging materials,55–59 while data
on the occurrence in food are lacking. In summary, DBMC
represents the class of substances for which there is no data on
This journal is © The Royal Society of Chemistry 2020
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the occurrence in food/feed and almost no data on the occur-
rence in the environment. The presence in food contact pack-
aging materials suggests that entry into the food chain may
occur both from this pathway and as a result of releases to the
environment as predicted in this study. Again, the existing data
is too limited to conclude whether the substance represents an
emerging chemical risk in the food chain.
Discussion and conclusions
Substance selection for evaluation of the four blocks

Only 2336 substances out of 15021 substances registered under
the REACH Regulation as of January 2017 (16%) were able to be
evaluated in this study. Three main reasons for the high rate of
exclusion of substances were: (a) assumed very low environ-
mental releases: this applies to intermediates handled under
strictly controlled conditions where tonnage data is also not
publicly available; (b) missing data: rst, NONS are regarded as
registered under the REACH Regulation, but no tonnage or use
information is publicly available; second, substances without
CAS number and/or SMILES notation: their removal was
required since both a CAS number and a SMILES notation is
required in the approach used in this study; and (c) substances
potentially outside the applicability domain of the models used.
This includes e.g. ionisable substances and metals.
Fig. 3 Summary of the workflow of substance selection as well as e
substances retained after each step.

This journal is © The Royal Society of Chemistry 2020
Exclusion of 84% of all substances entering the substance
selection appears non-desirable at rst sight. However, the
approach applied in this study – as in any screening procedure –
has to strike a balance between targeting as many substances as
possible, while at the same time preventing the generation of an
excessive number of high scoring substances due to the appli-
cation of conservative defaults for missing data (i.e. tonnage
and/or use information).

For the 2513 substances lacking a CAS number and/or
a SMILES notation (see Table 3 and Fig. 3), exclusion is neces-
sary since both parameters are required in the approach used in
this study. Substances lacking a CAS number could not be loaded
for batch processing into the QSAR Toolbox. In this context, it
would be helpful if the QSAR Toolbox would enable loading lists
of EC numbers, which are available for 90% of the substances
lacking a CAS number. However, many of the substances lacking
a CAS number or a SMILES notation are produced at low
tonnages and those with higher tonnages are oen UVCB
substances that present other problems for risk assessment.

Among the 4330 substances with a full registration, a CAS
number and a SMILES notation, almost one half (see Table 3
and Fig. 3) were potentially outside the applicability domain of
the models used. In contrast to the reasons for exclusion dis-
cussed above, this step involves a scientic rationale rather than
technical or data availability issues.
valuation and prioritisation applied in this study with the number of
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Overall, while the large fraction of substances excluded may
appear less than satisfactory, the approach ensures that the
selected substances (a) can be assessed on the basis of actual
data rather than default worst case assumptions for missing
data, (b) represent discrete chemicals that are (c) potentially
inside the applicability domain of the models used for the
prediction of biodegradation and bioaccumulation in food/
feed. The approach therefore does not aim to screen all
substances but rather to have greater condence in the
assessment performed on the selected substances.
Evaluation of the four blocks and prioritisation of evaluated
substances

Out of a total of 2336 substances registered under REACH and
assessed in this study, 212 priority substances (9.1%) were
identied that (a) have high potential to occur in food/feed due
to releases to the environment and (b) possess a chronic human
health hazard. Therefore, they are potential emerging risks or
emerging issues according to EFSA's mandate. Most of these
212 substances have not yet been assessed by regulatory
agencies in the EU in relation to their presence in food resulting
from environmental releases.

The evaluation applied in this study followed approaches
applied by others with respect to block A (environmental
releases). Thus, a combination of the tonnage and the use
pattern is also applied in prioritisation for various regulatory
instruments under the REACH Regulation, such as substance
evaluation (CoRAP listing),60 as well as scientic evaluations, as
performed most recently e.g. by Schulze et al.61 However, all
these approaches suffer from the fact that use-specic tonnages
are not publicly available and that a large fraction of the
tonnage may in fact be used in applications without any
signicant releases to the environment. The missing link
between tonnage and use is also a major uncertainty of the
present study. This limitation notwithstanding, the illustrative
examples discussed above indicate that the prioritised
substances have been detected in environmental media at least
in some locations, a nding that also applies to most of the
remaining substances evaluated in more depth.7 This observa-
tion supports the general approach for blocks A and B in this
study. However, the apparent lack of robust data on the
concentrations in environmental media even for most of these
high volume substances (see e.g.melamine and DBMC above) is
another main nding of this study.

Battery approaches for the evaluation of predicted biodeg-
radation data (block B) are also commonly employed in an
attempt to increase the performance of biodegradability
predictions.62–64 We applied a new battery combining BIOWIN
models 3, 5 and 6, an approach that correctly predicted or
overpredicted the persistence in 93% of the cases when
compared against experimental biodegradation data from
REACH registration dossiers.7 This study did not consider
abiotic degradation processes, such as hydrolysis and photo-
transformation, due to the fact that abiotic degradation reects
primary rather than ultimate degradation and the degradation
products would require additional evaluations. As
116 | Environ. Sci.: Processes Impacts, 2020, 22, 105–120
a consequence, abiotic processes alone should not be used to
assess the persistence of a substance.65 In practical terms,
consideration of all possible degradation products would face
the problem of identifying such degradation products. While
tools are available to simulate hydrolysis, several degradation
products are predicted for each substance. In addition, the
number and/or identity of hydrolysis products may change
depending on the pH value and the relative importance of the
predicted degradation products is typically unknown. The
assessment for block B, block C and chronic toxicity would
therefore need to be performed for all these compounds
without knowing whether a predicted degradation product
actually occurs in signicant fractions under environmental
conditions. Overall, consideration of all degradation products
would thus increase the uncertainty of the results obtained and
is not considered meaningful in the context of a screening
approach. While abiotic degradation could thus not be assessed
in this study, it is clear that such processes should be consid-
ered prior to any time-consuming in-depth evaluation to avoid
focussing on potentially irrelevant substances.

The assessment of bioaccumulation in food/feed (block C) is
an uncertain element of this study, since the results cannot be
checked against other data in a consistent way. In this context,
the high ranks found in this study for some substances known
to be present in food/feed (see Table 4) suggest that the
modelling approach was successful. Furthermore, the experi-
mental and survey data for some of the illustrative examples
also support the assessment for block C. However, robust
information on the presence in food/feed is unlikely to be
available for the majority of the 212 priority substances, pre-
venting an independent evaluation of our assessment for block
C. This study used ACC-HUMANsteady modelling to assess the
potential for bioaccumulation in the food chain. This model
takes into consideration a variety of possible pathways (e.g.
differentiation of uptake in above ground and below ground
crops) and allows consideration of additional parameters such
as biotransformation within organisms. It may therefore be
superior to simple screening approaches. For example, 168 of
the 212 priority substances have a log Kow # 4.5 and thus do not
meet the screening criterion for bioaccumulation in aquatic
organisms according to the relevant ECHA Guidance.65 When
compared with the screening criteria for bioaccumulation in
terrestrial organisms in the same ECHA Guidance (log Kow > 2
AND log Koa > 5), 97 of the 212 priority substances do not meet
these criteria. These comparisons illustrate that the approach
applied in this study identied substances that would escape
any prioritisation based on simple screening criteria.

It must be noted that exposure of humans via the environ-
ment (including exposure through the food chain) was likely
assessed in Chemical Safety Reports (CSRs) under the REACH
Regulation for some of the 212 priority substances. However,
CSRs are not publicly available and the corresponding results
could therefore not be used for a comparison with the results of
this study. Furthermore, EUSES soware is generally used to
model human exposure via the food chain presented in CSRs.
While the need for several updates in EUSES affecting the
assessment of human exposure via the food chain has been
This journal is © The Royal Society of Chemistry 2020
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identied,66 they have not yet been implemented. A comparison
of ACC-HUMANsteady and EUSES has shown the latter to be
less up-to-date than ACC-HUMANsteady soware.67

In relation to the toxicity assessment, our approach not only
used harmonised classications for relevant endpoints, but also
classications by IARC, from REACH registration dossiers and
other classications from the Classication and Labelling
Inventory database.10 This led to the identication of consid-
erably more priority substances (N¼ 212) than would have been
identied based on harmonised classications alone (N ¼ 77;
see Fig. 2). Most of the additional 135 substances were identi-
ed based on classications in REACH registration dossiers (N
¼ 112; see Fig. 2). Since listings for various regulatory instru-
ments are oen based on harmonised classications, our
approach therefore identied many substances not yet
addressed by these instruments. It is also interesting to note
that some of the substances identied on the basis of classi-
cations from ‘non-harmonised’ sources do in fact have
a harmonised classication, but not for any of the four
endpoints relevant in the context of this study. Among the ‘top
20’ substances, seven substances were assigned a Toxicity Score
of 10 on the basis of a harmonised classication for relevant
endpoints. The remaining 13 substances were assigned this
score due to a ‘non-harmonised’ classication for relevant
endpoints, with the majority (N ¼ 8) coming from REACH
registration dossiers. Of these 13 substances, nine substances
did not have a harmonised classication for any endpoint,
while four substances had a harmonised classication, but this
did not cover any of the four relevant endpoints. For example,
triphenyl phosphite has a harmonised classication for skin
and eye irritation only, while the substance is also classied for
repeated dose toxicity in the REACH registration dossier.9

Similarly, TBBPA has a harmonised classication for aquatic
toxicity, but not for CMR properties. However, the substance
was recently classied by IARC as being probably carcinogenic
to humans68 and the REACH registration dossier includes
a classication as a suspected carcinogen.9

The ndings of this study therefore show that REACH
registration dossiers (a) contain classications for substances
that have no harmonised classication or (b) contain classi-
cations for additional endpoints for substances that do have
a harmonised classication. This nding is in agreement with
observations in a previous study on a different dataset.69 This
study did not differentiate the level of evidence for toxicity (see
Materials andmethods). For example, suspected and conrmed
CMR substances were all assigned a Toxicity Score of 10. It may
thus be assumed that we primarily identied suspected CMR
substances based on ‘non-harmonised’ classications.
However, additional analyses showed that this is not the case.7

Overall, Fig. 3 illustrates that application of the toxicity
criterion substantially reduces the number of substances from
2336 to 526 (23%). Consideration of the bioaccumulation
criterion almost halves the number of substances to 283. In
contrast, additional consideration of the criteria for environ-
mental release and/or biodegradation has almost no effect. In
fact, the nal data curation step (i.e. predominantly the
This journal is © The Royal Society of Chemistry 2020
exclusion of UVCB substances) has a higher impact on the
substances prioritised than the results for blocks A and B.
Evaluation of the prioritisation, illustrative examples and
recommendations

This procedure created a list of 212 priority substances. In a few
cases, the prioritised substances are known to occur in food/
feed. While the example of melamine shows that the presence
of a substance in food/feed may result from several sources, the
occurrence due to releases to the environment is well-
established in some of the cases (e.g. HBCDD and TBBPA).
This demonstrates the general validity of the screening proce-
dure applied in this study. Most of these 212 priority
substances, however, have not been previously assessed for
their presence in food. In fact, the majority of the 212 priority
substances has not yet been assessed by EFSA or included in any
list related to EU chemicals legislation. The screening proce-
dure was therefore also successful in identifying ‘emerging
chemicals’. This was primarily achieved by (a) the application of
amore sophisticated approach to assess bioaccumulation in the
food chain than using simple screening criteria, (b) making full
use of classication information on the toxic hazards of
substances by considering classications in REACH registration
dossiers and (c) combining these two approaches. For example,
112 substances were prioritised due to a classication for rele-
vant endpoints in REACH registration dossiers and 84 of these
do not full the screening criterion for bioaccumulation in
aquatic organisms according to the ECHA Guidance.65

All of the 212 priority substances can be considered ‘poten-
tial emerging risks’ (or ‘emerging issues’ in EFSA's termi-
nology1,2). In principle, those not yet assessed in detail by EFSA
should be evaluated in-depth to conclude whether they qualify
as ‘emerging chemical risks’ or not. While such in-depth eval-
uations increase our knowledge on the occurrence of these
substances in food/feed, the four illustrative examples pre-
sented in this paper and the more detailed evaluation in Olt-
manns et al.7 suggest that existing information on the
occurrence in food/feed as well as in environmental compart-
ments is generally too limited to allow such a conclusion. In
some respects, this observation is related to the inherent limi-
tation of the term ‘emerging risk’: robust and representative
data are required to conclude on the existence of a risk, but
substances meeting this requirement at some stage cease to be
‘emerging chemicals’.

Given these limitations of literature-based in-depth evalua-
tions, it may also be useful to develop and apply analytical
methods to monitor these substances in food/feed. This may be
limited to subsets of the 212 priority substances (e.g. those not
listed in any of the eight sources, but assigned the maximum
Score C of 10 and produced at high tonnages) or take the form
of suspect screening analyses on all 212 priority substances. The
examples discussed in this paper show that some of the priority
substances identied may enter the food chain from food
contact materials. In order to identify an occurrence in food as
a result of environmental releases, monitoring of unprocessed
and unpackaged food may be most meaningful. Even if such
Environ. Sci.: Processes Impacts, 2020, 22, 105–120 | 117

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9em00369j


Environmental Science: Processes & Impacts Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 8
:0

2:
45

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
analyses do not produce robust and reliable data that would
allow concluding on the presence of ‘emerging chemical risk’,
the results from such analyses could conrm or refute the
results of the screening assessment and thus help prioritising
substances for more representative monitoring programmes. In
order to facilitate such activities, the data generated in this
study, including the scores in all food items, are made available
in the ESI.† These data may also be useful for interested
stakeholders in several other applications. Oltmanns et al.7

discuss a variety of examples for such applications and the use
of the data generated is greatly encouraged.
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biomonitoring reports on phosphate ester ame retardants:
a short review, Archives of toxicology, 2018, pp. 1–30.

45 CCME, Canadian Council of Ministers of the Environment,
Canadian Soil Quality Guidelines for the Protection of
Environ. Sci.: Processes Impacts, 2020, 22, 105–120 | 119

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9em00369j


Environmental Science: Processes & Impacts Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 8
:0

2:
45

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Environmental and Human Health – Sulfolane Factsheet,
2006, http://ceqg-rcqe.ccme.ca/en/index.html.

46 CCME, Canadian Council of Ministers of the Environment,
Canadian Environmental Quality Guidelines for Sulfolane:
Water and Soil. Scientic Supporting Document, 2006,
https://www.ccme.ca/les/Resources/
supporting_scientic_documents/
sulfolane_ssd_soil_water_1.1_e.pdf.

47 LANUV, Landesamt für Natur, Umwelt und Verbraucherschutz
Nordrhein-Westfalen, Jahresbericht 2009, online: https://
www.lanuv.nrw.de/leadmin/lanuvpubl/2_jahresberichte/
JB_2009.pdf, accessed September 2018, 2010.

48 Alaska DHSS, Alaska Department of Health and Social Services,
Division of Public Health, Section of Epidemiology,
Environmental Public Health Program, Health Consultation –
Sulfolane Plume in Groundwater: Evaluation of Community
Concerns about Sulfolane in Private Water Wells, http://
dec.alaska.gov/spar/csp/sites/north-pole-renery/
documents.aspx, accessed August 2018, 2012.

49 E. M. Dettenmaier, W. J. Doucette and B. Bugbee, Chemical
hydrophobicity and uptake by plant roots, Environ. Sci.
Technol., 2009, 43, 324–329.

50 B. K. Chard, W. J. Doucette, J. K. Chard, B. Bugbee and
K. Gorder, Trichloroethylene uptake by apple and peach
trees and transfer to fruit, Environ. Sci. Technol., 2006, 40,
4788–4793.

51 W. Doucette, J. Chard, B. Moore, W. Staudt and J. Headley,
Uptake of sulfolane and diisopropanolamine (DIPA) by
cattails (Typha latifolia), Microchem. J., 2005, 81, 41–49.

52 J. V. Headley, K. M. Peru and L. C. Dickson, Gas
chromatographic-mass spectrometric determination of
sulfolane in wetland vegetation exposed to sour gas-
contaminated groundwater, J. Chromatogr. A, 1999, 859,
69–75.

53 R. Liu, T. Ruan, S. Song, Y. Lin and G. Jiang, Determination
of synthetic phenolic antioxidants and relative metabolites
in sewage treatment plant and recipient river by high
performance liquid chromatography–electrospray tandem
mass spectrometry, J. Chromatogr. A, 2015, 1381, 13–21.

54 N. Mali, S. Cerar, A. Koroša and P. Auersperger, Passive
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M. V. González-Rodŕıguez, Antioxidant content of and
migration from commercial polyethylene, polypropylene,
120 | Environ. Sci.: Processes Impacts, 2020, 22, 105–120
and polyvinyl chloride packages, J. Agric. Food Chem., 2007,
55, 3225–3231.

58 M. A. Lago and L. K. Ackerman, Identication of print-
related contaminants in food packaging, Food Addit.
Contam., Part A, 2016, 33, 518–529.

59 J. H. Petersen, P. Togeskov, J. Hallas, M. B. Olsen, B. Jørgensen
and M. Jakobsen, Evaluation of retail fresh meat packagings
covered with stretch lms of plasticized PVC and non-PVC
alternatives, Packag. Technol. Sci., 2004, 17, 53–66.

60 ECHA, European Chemicals Agency, Background document
to the decision of the Executive Director of ECHA, ED/32/
2011: Selection criteria to prioritise substances for
Substance Evaluation (2011 CoRAP selection criteria), 2011,
http://echa.europa.eu/documents/10162/13628/
background_doc_criteria_ed_32_2011_en.pdf.

61 S. Schulze, D. Sättler, M. Neumann, H. P. H. Arp,
T. Reemtsma and U. Berger, Using REACH registration
data to rank the environmental emission potential of
persistent and mobile organic chemicals, Sci. Total
Environ., 2018, 625, 1122–1128.

62 R. Boethling, Comparison of ready biodegradation
estimation methods for fragrance materials, Sci. Total
Environ., 2014, 497–498, 60–67.

63 R. S. Boethling, D. G. Lynch, J. S. Jaworska, J. L. Tunkel,
G. C. Thom and S. Webb, Using BIOWIN™, Bayes, and
batteries to predict ready biodegradability, Environ. Toxicol.
Chem., 2004, 23, 911–920.

64 R. Posthumus, T. P. Traas, W. J. Peijnenburg and
E. M. Hulzebos, External validation of EPIWIN
biodegradation models, SAR QSAR Environ. Res., 2005, 16,
135–148.

65 ECHA, European Chemicals Agency, Guidance on Information
Requirements and Chemical Safety Assessment. Chapter R.11:
PBT/vPvB Assessment. Version 3.0, June 2017, http://
echa.europa.eu/support/guidance, 2017.

66 D. van de Meent, J. Quik and T. Traas, Identication and
preliminary analysis of update needs for EUSES, Contract no.
ECHA/2014/253, RIVM, National Institute of Public Health
and the Environment, Bilthoven, The Netherlands, https://
echa.europa.eu/documents/10162/13630/
echa_2014_253_euses_report_en.pdf, 2014.

67 E. Undeman and M. S. McLachlan, Assessing model
uncertainty of bioaccumulation models by combining
chemical space visualization with a process-based diagnostic
approach, Environ. Sci. Technol., 2011, 45, 8429–8436.

68 IARC, International Agency for Research on Cancer, IARC
Monographs on the Evaluation of Carcinogenic Risks to
Humans. Vol. 115. Some Industrial Chemicals, WHO, World
Health Organization, Lyon, France, https://
monographs.iarc.fr/wp-content/uploads/2018/06/
mono115.pdf, 2018.

69 J. Oltmanns, D. Bunke, W. Jenseit and C. Heidorn, The
impact of REACH on classication for human health
hazards, Regul. Toxicol. Pharmacol., 2014, 70, 474–481.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9em00369j

	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...

	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...

	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...

	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...
	Potential emerging chemical risks in the food chain associated with substances registered under REACHElectronic supplementary information (ESI)...


