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e importance of atmospheric
transformation in assessing the hazards of liquid
crystal monomers†

Jinlong Wang, ‡a Shenghong Wang, ‡b Zhizhen Zhang, b Xinkai Wang,a

Kaihui Xia,a Li Li *b and Qifan Liu *ac

Liquid crystal monomers (LCMs), a group of synthetic chemicals released from liquid crystal devices such as

televisions and smartphones, have recently been recognized as emerging contaminants due to their

widespread occurrence in the environment and potential negative impacts on human health. Airborne

LCMs can undergo atmospheric oxidation reactions to form various transformation products. Despite the

certainty of atmospheric transformation chemistry, the knowledge about the hazard properties of

transformation products remains largely unknown. Here, we perform an in silico model-based evaluation

of the persistence, bioaccumulation potential, mobility, and toxicity of two representative LCMs, namely,

1-ethyl-4-(4-(4-propylcyclohexyl)phenyl)benzene and 4′′-ethyl-2′-fluoro-4-propyl-1,1′:4′,1′′-terphenyl,

and their transformation products. We found that, among the investigated transformation products, 38%

have overall persistence greater than the minimum of 331 days among the persistent organic pollutants

regulated by the Stockholm Convention, 62% meet the bioaccumulation threshold of 1000 L kg−1 used

by the United States Environmental Protection Agency, 44% are classified “mobile” according to the

criterion used by the German Environmental Agency, and 58% have the potential to induce unacceptable

toxic effects in aquatic organisms. Furthermore, we identified several transformation products with

increased persistence, bioaccumulation potential, and mobility compared to their parent compounds.

These findings not only offer insights for prioritizing LCM transformation products for future risk

assessment, but also underscore the significance of considering atmospheric transformation in the

evaluation of environmental risks posed by emerging contaminants, including LCMs.
Environmental signicance

Liquid crystal monomers (LCMs) are a class of emerging contaminants that are widely distributed in the environment. However, little is known about the hazard
properties of their atmospheric transformation products. To address this knowledge gap, here, we evaluate the persistence, bioaccumulation potential, mobility,
and toxicity of two representative LCMs and their atmospheric transformation products with in silicomodeling. We nd that the hazard properties of LCMs can
be substantially changed by atmospheric oxidation process. Several transformation products possess higher persistence, bioaccumulation potential, and
mobility than the parent LCMs. These results indicate that the assessment of environmental hazards associated with LCMs may be biased if atmospheric
transformation processes are not considered.
ent and Global Change, Department of

niversity of Science and Technology of

vada Reno, Reno, NV 89557-274, USA.

rsity of Science and Technology of China,

.edu.cn

(ESI) available: Chemical structures of
nal details on the physicochemical
products. Dataset S1: persistence,
d toxicity data of LCMs and their
/doi.org/10.1039/d3em00424d

is work.

, 2024, 26, 94–104
Introduction

Liquid crystal monomers (LCMs) are synthetic chemicals widely
used in liquid crystal display (LCD) devices such as laptops,
smartphones, televisions, and computers.1,2 With the rapid
development of the global LCD industry, the production volume
of LCMs signicantly increased over the past few years.3 The
global production of LCD panels amounted to 198 million m2 in
2018 and was predicted to increase in the forthcoming years.3

During the manufacturing of LCDs, LCMs are physically lled
into LCD screens and are not chemically bonded to base
materials. As a result, LCMs can be constantly released into the
environment during their production, utilization, and recycling,
This journal is © The Royal Society of Chemistry 2024
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which leads to their ubiquitous presence in various environ-
mental media such as indoor dust, municipal landll sites, air,
and marine sediments.4–9

Recent evidence suggests that LCMs can pose adverse
impacts on human health. LCMs are demonstrated to be
peroxisome proliferator-activated receptor gamma (PPARg,
a ligand-activated transcription factor of nuclear hormone
receptor) antagonists, potentially inducing toxicological effects
in humans.10 Given the widespread occurrence of LCMs in the
environment and the recently demonstrated toxicity, LCMs have
attracted increasing environmental and health concerns.7,11,12 It
should be noted that previous studies mainly focus on the
adverse impacts associated with LCMs, while limited consid-
eration has been given to their atmospheric transformation
products that may arise from their release.

Once emitted into the air, the physical and chemical prop-
erties of LCMs are likely to be changed. Our previous study
indicates that LCMs will undergo complex transformation
chemistry upon atmospheric hydroxyl radical (OH) oxidation,
resulting in the formation of many structurally diverse trans-
formation products.13 Thus, a complete hazard assessment of
LCMs should consider not only LCMs themselves but also their
atmospheric transformation products. This includes knowledge
of the resistance of biotic and abiotic dissipation (persistence or
P), the potential for accumulation and enrichment in biota
(bioaccumulation potential or B), the tendency of permeation
through natural barriers to contaminate surface and subsurface
water systems (mobility or M),14 and the adverse impacts on
biota (toxicity or T) of LCMs and their transformation products.
However, there is currently limited understanding of the hazard
properties of transformation products. It remains an open
question whether the environmental hazards of LCMs will
increase or decrease upon their introduction to the atmosphere.

To address this knowledge gap, here we illustrate the evaluation
of the hazard properties of 66 transformation products resulting
from the atmospheric oxidation of two typical LCMs, i.e., 1-ethyl-4-
(4-(4-propylcyclohexyl)phenyl)benzene (EPPB; CAS registry number
84540-37-4) and 4′′-ethyl-2′-uoro-4-propyl-1,1′:4′,1′′-terphenyl
(EFPT; CAS registry number 95759-44-7). Our recent search indi-
cates that chemical property data and environmental monitoring
data are currently lacking for these two chemicals and their newly
identied transformation products. In brief, the structural infor-
mation of these transformation products serves as input to
quantitative structure–activity and –property relationships (QSARs
and QSPRs) to compute their phase partitioning and reactivity
properties. Supplied with these property data, a comprehensive
fate and exposure model named PROduction-to-EXposure (PRO-
TEX) was operated to predict the P, B, M, and T indices.15,16 Our
analysis aims to highlight the importance of atmospheric trans-
formation in assessing the hazards of LCMs, which can inform
future risk evaluation for these emerging contaminants.

Materials and methods
Transformation products of LCMs

As illustrated in our previous work, 66 transformation products
were identied through an experimental study exploring the OH
This journal is © The Royal Society of Chemistry 2024
oxidation of two LCMs (EPPB and EFPT).13 Briey, particulate
LCMs were introduced into an oxidation ow reactor where they
were exposed to OH radicals. The formed transformation
products were identied with an advanced online mass spec-
trometry which can providemolecular information for organics.
In general, these transformation products (see Table S1†) were
formed from OH reactions with the alkyl group or the phenyl
ring of LCMs.

In silico modeling

We assess the hazards P, B, andM using the PROTEXmodel.15,17

parameterized with chemical property data predicted by QSARs
and QSPRs. We assess the hazard T using two QSAR toolkits,
i.e., the Toxicity Estimation Soware Tool (TEST) and VEGA-
QSAR. These hazard indices are selected because they are
usually used in assessing the potential adverse impacts on the
environment and human health in regulatory frameworks such
as Registration, Evaluation, Authorisation and Restriction of
Chemicals (REACH). The use of hazard indices is advantageous
in the assessment of “data-poor” chemicals with limited envi-
ronmental monitoring data, as they are independent of the
magnitudes of chemical emissions and concentrations in the
environment.

PROTEX modeling

Supplied with information on chemical emission, chemical
properties (partitioning and reactivity properties), environ-
mental conditions (meteorological, hydrological, and land-use
data), and organism data (growth, body composition, physio-
logical and behavioral information), PROTEX simulates the
transport, transformation, and accumulation of chemicals
across multiple environmental compartments and aquatic and
terrestrial organisms.15,17 As a modular tool, PROTEX's “envi-
ronmental fate and transport” module simulates the fate of
chemicals across various scales of a regional environment,
including the rural areas, which encompass different
compartments such as air and various land compartments (i.e.,
soil, vegetation, freshwater and freshwater sediment, estuarine
water and estuarine sediment). A chemical can be released into
one or more compartments at a given rate; a unit emission rate
is assumed in this hazard assessment because the hazard
properties are independent of the emission rate. The module
then simulates its advective and diffusive transport across
multiple environmental compartments, and its reactive loss
from these environmental compartments. In this work, we
assume the two LCMs and their atmospheric transformation
products are released into the air compartment, given that (i)
LCMs are primarily released from indoor sources through
passive volatilization and have the potential to be ventilated
into the outdoor air, and (ii) the transformation products are
formed through atmospheric processes. PROTEX quanties the
rates of advection, diffusion, and reaction, as well as chemical
concentrations in environmental compartments resulting from
these processes. Furthermore, PROTEX's “food-web bio-
accumulation” module simulates chemical concentrations in
aquatic and terrestrial organisms, such as planktivorous and
Environ. Sci.: Processes Impacts, 2024, 26, 94–104 | 95
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piscivorous sh, by quantifying the rates that these organisms
bioaccumulate chemicals from the ambient environment,
metabolize chemicals in their bodies, and excrete chemicals
through various physiological processes.

PROTEX has several advantageous merits in hazard and risk
assessments. First, PROTEX's performance has been well eval-
uated and validated in a series of earlier studies,15–20 where it
succeeded in reproducing contamination of a diverse array of
contaminants, ranging frommainly hydrophobic to hydrophilic
and from recalcitrant to liable chemicals, that had been
observed in environmental monitoring efforts. Second, PROTEX
builds on mathematical descriptions of physical, chemical,
biological, and toxicokinetic processes governing chemical fate
and exposure. Such a mechanistic nature allows exible
parameterization of PROTEX for a wide range of chemicals,
regions, and organisms of interest. In this illustrative assess-
ment, we use the regional parameterization representative of
the environment and biota of the Canadian side of the Lake
Ontario basin because it was thoroughly evaluated in our earlier
publication.16 An earlier study demonstrates that, compared to
chemicals' physicochemical properties, the region-to-region
difference in environmental conditions poses minor impacts
on the modeled chemical fate.21 Therefore, our assessed results
can be generalized to regions (e.g., polar, temperate, and
subtropical climate zones) other than the modeled one.

We parameterize PROTEX with property data of the investi-
gated chemicals, including partition coefficients of the neutral
forms in the octanol-water-air system (KOW and KOA) at 25 °C,
dissociation constants (pKa and pKb; for ionizable chemicals
only), the rate constants for reactions with the hydroxyl radicals
in the gas-phase (kOH), aquatic biodegradation half-life
(HLbiodeg), and sh biotransformation half-life (HLbiotrans; see
Dataset S1†). Since experimentally determined values are
generally not available for these chemicals, we computed the
chemical properties using four commonly applied QSPRs
including the estimation programs interface (EPI) suite (for
KOW, KOA, kOH, and HLbiodeg),22 iterative fragment selection-
QSAR (IFS-QSAR) (for KOW, KOA, and HLbiotrans),23–25 OPEn
structure–activity/property relationship app (OPERA) (for KOW,
KOA, pKa and pKb, and kOH) and QSAR-INSubria (QSARINS) (for
HLbiotrans),26–28 and used the “consensus values” of these
predictions, following the recommended best practice of
retrieving and evaluating chemical property data in chemical
assessment.29 Following the recommended extrapolation
factors by Fenner et al.,30 PROTEX applies a generic assumption
that the biodegradation half-life in water is equal to HLbiodeg,
that in soil is twice HLbiodeg, and the biodegradation half-life in
sediment is 10 times HLbiodeg. In addition, we take a simplifying
assumption of focusing only on the gas-phase atmospheric
degradation and ignoring the heterogeneous degradation in
airborne particles. Such a simplifying assumption is deemed to
cause negligible impacts on the modeled persistence of the
investigated chemicals, given our sensitivity analysis indicates
that the modeled air concentrations of EPPB and EFPT are
minimally sensitive to the atmospheric degradation rate
constants, with respective sensitivity values of 0.06 and 0.09.
This means that a change of approximately 3% in the
96 | Environ. Sci.: Processes Impacts, 2024, 26, 94–104
atmospheric rate constant results in changes of only 0.18% for
the airborne EPPB concentration and 0.27% for the airborne
EFPT concentration. Here, the change of 3% reects the
consideration of heterogeneous OH reaction rate constants of
7.05× 10−13 cm3 molecule−1 s−1 for EPPB and 4.67 × 10−13 cm3

molecule−1 s−1 for EFPT13 in addition to the already considered
gas-phase OH reaction rate constants of 2.58 × 10−11 cm3

molecule−1 s−1 for EPPB and 1.40 × 10−11 cm3 molecule−1 s−1

for EFPT (see Dataset S1†).

Overall persistence

We quantify persistence using a chemical's overall persistence
(POV; in hours),31–33 dened as a chemical's average residence
time in PROTEX's multimedia rural environment. Here, the
rural environment is used as it is consistent with the “natural”
environment assumed in most current persistence assessment
frameworks, e.g., the Organization for Economic Cooperation
and Development (OECD) POV & LRTP screening tool. POV
measures the total resistance to degradation across all envi-
ronmental media including air and land compartments, as well
as advective transport of chemicals from the source region. A
long POV indicates a chemical's long-lasting impact on the
ecosystem and lower reversibility of contamination if adverse
effects are found. For each rural compartment, the residence
time is calculated by dividing the steady-state mass and the rate
of permanent removal from the compartment. The current
version of PROTEX accounts for four main mechanisms of
permanent removal for a chemical from rural areas, which
include (1) its reaction with the hydroxyl radical in the gas phase
of the air compartment, (2) biodegradation in land compart-
ments, (3) sediment burial, and (4) advective transport of
chemicals beyond the region.15,17

Bioaccumulation potential

The bioaccumulation potential is quantied using a chemical's
bioaccumulation factor (BAF; L kg−1) of sh, dened as the ratio
of a chemical's wet-weight-based concentration in sh tissue
(gchemical/kgwet weight) to its total concentration in the water
where the sh lives (gchemical/Lwater).34 A high BAF indicates
a chemical's strong potential to be stored in sh and to pose
a continuous threat to sh, seafood, and organisms that feed on
sh such as birds, mammals and even humans. In this study,
we calculate the BAF of a chemical using the modeled chemical
concentration in the estuarine water compartment of PROTEX
and the modeled chemical concentration in sh living in the
estuary. Since the PROTEX-predicted BAFs of planktivorous and
piscivorous sh are correlated with each other (correlation
coefficient of 0.9 for the logarithms) and the choice between
these two types of sh BAFs does not signicantly impact the
results, our subsequent analysis is based on the results for
piscivorous sh.

Mobility

We assess the mobility of LCMs and their transformation
products by calculating the minimum organic carbon normal-
ized solid-water sorption coefficient (KOC) over the pH range of
This journal is © The Royal Society of Chemistry 2024
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4–9, according to the criterion proposed recently by the German
Environmental Agency.35 A low minimum KOC means that
a chemical exhibits a low potential for sorption by soil and
sediment and hence a high potential for aquatic transport and
contamination of the sources of drinking water if it is atmo-
spherically deposited in aquatic environments such as lakes
and rivers. PROTEX calculates the minimum KOC from a chem-
ical's neutral form KOW and dissociation constants (pKa or
pKb):36

Non-ionizable chemicals:

KOC = 100.679×logKOW+0.663

Acidic chemicals:

KOC = 4 × 100.54×logKOW + 1.11 + (1 − 4) × 100.11×logKOW+1.54

Basic chemicals:

KOC = 4 × 100.42×logKOW + 1.34 + (1 − 4) × 100.47×logKOW+1.95

where 4 denotes the fraction of neutral species (pH dependent),
which is calculated based on dissociation constants and pH based
on the Henderson–Hasselbalch equation. This approach mainly
considers the sorption of chemicals to amorphous organic matter
in soil or sediment and assumes a chemical's ionic species exhibit
lower sorption onto soil or sediment solids.
Toxicity modeling

We assess both the acute toxicity (related to short-term chem-
ical exposures) and genetic toxicity (related to long-term
chemical exposures) of the LCMs and their transformation
products.

Acute toxicity is assessed through the calculation of a 50%
lethal concentration (LC50) for fathead minnow, a representative
aquatic organism. The LC50 represents the concentration of
a chemical in water that is statistically likely to cause half of the
fathead minnow population to die aer 96 hours of exposure. A
lower LC50 value indicates a higher level of toxicity. We operate
the TEST model with its four modules (i.e., hierarchical clus-
tering, single model, group contribution, and nearest neighbor)
and take the consensus values of the four predictions if available.
In instances where the rst three modules are unable to provide
predictions (because a chemical's unique structural features
prevent the modules from generating reasonable molecular
descriptors), TEST does not calculate a consensus value since the
model's “nearest neighbor” algorithm considers the result from
such a read-across approach to be unreliable. The details of the
four modules have been described in Martin et al.37

Genetic toxicity is assessed by whether the investigated
chemicals are likely to cause cancer (“carcinogenicity”) or
mutations in DNA (“mutagenicity”). A chemical is identied to
be carcinogenic if it is possible to nd a dose at which half of
the rat population develops tumors through a lifetime of
exposure to the chemical in in vivo studies with conditions
This journal is © The Royal Society of Chemistry 2024
similar to those described in the OECD test guideline (TG) for
chemicals no. 451. Likewise, following OECD TG no. 471,
a chemical is considered to be a potential mutagen if a chemical
can induce mutations in the DNA of various strains of the
bacterium Salmonella typhimurium, a model species found in
animals such as rats.

In this work, the results for carcinogenicity and mutagenicity
are presented as binary outcomes from VEGA-QSAR, categorized
as either “yes” or “possibly not”. We include results from several
modules of VEGA (the IRFMN/antares, CAESAR, and ISSmodules
for carcinogenicity, and the CAESAR and ISS modules for muta-
genicity), given that each module adopts different training sets
and classication approaches for prediction and may output
inconsistent classication results. For example, the IRFMN/
antares module (version 1.0.1) and the ISS module (version
1.0.3) classify a chemical as a carcinogen if it contains one or
more structural features known to be associated with cancer
development, referred to as “structural alerts”. These modules
employ training sets that contain 127 and 54 structural alerts,
respectively. In contrast, the CAESAR module (version 2.1.10)
employs a counter propagation articial neural network algo-
rithm and classies chemicals as carcinogens based on 12
structural, compositional, and topological variables, referred to
as “descriptors”. The details of the algorithms and training sets of
the VEGA modules have been described in the QSAR model
reporting format (QMRF) documents, which are available at
https://www.vegahub.eu/portfolio-item/vega-qsar-models-qrmf/.
Results and discussion

In the following sections, we rst present an overview of the
predicted physicochemical properties of EPPB and EFPT and
their transformation products. We then compare the hazard
properties of individual transformation products with those of
their parent compounds, followed by an exploration of how the
hazard properties of the transformation products evolve as
photochemical oxidation continues along a representative
reaction channel.
Distribution of predicted partitioning and reactivity
properties

Before an in-depth analysis of the hazard indices of the two
LCMs and their transformation products, we rst present an
overview of the distribution of their partitioning and reactivity
properties (for details; see Dataset S1†). Overall, most of the
investigated chemicals are moderately hydrophobic, with the
predicted “consensus” KOW having a 25th percentile of 104.37,
a median of 105.38, and a 75th percentile of 106.54. All the
investigated chemicals fall within the applicability domain (AD)
of at least one KOW QSPR used here. The investigated chemicals
share low volatility, with the predicted “consensus” KOA having
a 25th percentile of 1012.2, a median of 1013.2, and a 75th

percentile of 1013.8. Among the investigated chemicals, 28 fall
within the AD of at least one KOA QSPR used here.

Here, our predicted “consensus” KOW are 9.33 for EPPB and
7.93 for EFPT. For comparison, the REACH Registered
Environ. Sci.: Processes Impacts, 2024, 26, 94–104 | 97
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Substances Database (https://echa.europa.eu/information-on-
chemicals/registered-substances) reports experimental
measurements as “>6.5” for EPPB and “>5.7” for EFPT. These
experimental measurements are shown as ranges because
they were derived using the HPLC method, which was limited
by the KOW of the most hydrophobic calibration chemicals
(6.5 and 5.7, respectively) used in the measurements. This
comparison suggests that our predictions are reasonable.

The investigated chemicals' HLbiodeg have a 25
th percentile of

27 days, a median of 45 days, and a 75th percentile of 73 days. All
the investigated chemicals fall within the AD of the HLbiodeg
Fig. 1 Persistence, bioaccumulation potential, mobility and acute toxic
ronmental persistence (days) of (A) EPPB, and (B) EFPT and their correspo
(C) EPPB, and (D) EFPT and their corresponding transformation products
minimum organic carbon normalized solid-water sorption coefficient (
corresponding transformation products. A lower KOC indicates higher mo
A lower fathead minnow LC50 indicates higher toxicity. LC50 prediction
structural features that cannot generate appropriate molecular descriptor
light blue represent EPPB and its transformation products, respectively
products, respectively. Dashed lines in A and B indicate the thresholds for
331 days), which has shown to be the least persistent chemical among th
lines in C and D indicate the thresholds for BAF, i.e., chemicals with BAF h
lines in E and F indicate the thresholds for mobility, i.e., chemicals with KO
indicate the thresholds for toxicity, i.e., chemicals with LC50 lower than

98 | Environ. Sci.: Processes Impacts, 2024, 26, 94–104
QSPR used here. Our predicted HLbiodeg are 45 days for EPPB
and 99 days for EFPT. To the best of our knowledge, HLbiodeg for
these substances has not been experimentally measured before.
However, results from ready biodegradability tests, as docu-
mented in the REACH Registered Substances Database, indicate
that these chemicals were classied as “not readily biodegrad-
able”, which means that they did not achieve 60% degradation
within the 10 days window aer 28 days of incubation. This lack
of rapid biodegradability in the tests supports the plausibility of
our predictions.
ity of LCMs (EPPB and EFPT) and their transformation products. Envi-
nding transformation products. Bioaccumulation factor (BAF; L kg−1) of
in fish. A higher BAF indicates a higher bioaccumulation potential. The
KOC) over the pH range of 4 to 9 of (E) EPPB and (F) EFPT and their
bility. Modelled fathead minnow LC50 values of (G) EPPB, and (H) EFPT.
s are missing for some transformation products because they contain
s by the TESTmodel and therefore cannot be predicted. Dark blue, and
. Dark purple and light purple represent EFPT and its transformation
overall persistence, i.e., the POV of g-hexachlorocyclohexane (g-HCH;
e 25 POPs that are regulated by the Stockholm Convention.38 Dashed
igher than 1000 L kg−1 are considered to be bioaccumulative.42 Dashed

C lower than 104 are considered to bemobile.35 Dashed lines in G and H
1 mg L−1 are considered to be highly toxic in aquatic organisms.49

This journal is © The Royal Society of Chemistry 2024
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Finally, these chemicals are relatively susceptible to
biotransformation in sh, with a median “consensus”HLbiotrans
of 20 hours. All the investigated chemicals fall within the AD of
at least one HLbiotrans QSPR used here.

Environmental persistence

Fig. 1A and B display the predicted POV for EPPB, EFPT, and
their transformation products. EFPT shows a longer POV of 370
days, compared to that of 170 days for EPPB. Notably, EFPT's
POV exceeds the POV of 331 days for g-hexachlorocyclohexane (g-
HCH), which has shown to be the least persistent chemical
among the 25 persistent organic pollutants (POPs) that are
regulated by the Stockholm convention.38 Fig. 1A and B show
that 24 out of the 40 (60%) transformation products of EPPB are
up to 2.6 times more persistent in the multimedia environment
than EPPB, and 16 out of 26 (61%) transformation products of
EFPT are up to 1.6 times more persistent than EFPT. Although
EPPB is less persistent than the currently regulated POPs, 6
transformation products of EPPB and 19 transformation prod-
ucts of EFPT demonstrate a POV exceeding 331 days. This indi-
cates that atmospheric oxidation generates chemicals that are
comparably persistent to currently regulated POPs. In addition,
the two LCMs investigated here and their transformation
products possess POV (68–596 days) which are 29–252 times
higher than those of organophosphate ame retardants (a class
of globally ubiquitous emerging contaminants), such as tris(2-
chloroisopropyl) phosphate and triphenyl phosphate.39,40

The increase in the overall persistence of these trans-
formation products is because they are more enriched in land
compartments (vegetation, water, soil, and sediment) compared
to the air compartment; the degradation rate of products in
surface media is typically two orders of magnitude slower than
in air (Fig. S1†). This enrichment is facilitated by the lower
volatility of transformation products, as evidenced by their
higher KOA compared to the parent compounds (Fig. S2†), which
favor their transfer from air to land compartments.

Bioaccumulation potential

As shown in Fig. 1C and D, both EPPB and EFPT have BAFs well
above the threshold of 5000 L kg−1 that the Stockholm
convention uses for bioaccumulation41 and the threshold of
1000 L kg−1 that the United States Environmental Protection
Agency (EPA) uses for bioaccumulation.42 Fig. 1C and D show
that 83% and 100% of the transformation products of EPPB and
EFPT, respectively, have estimated BAFs in sh lower than the
corresponding parent compounds. In general, the BAF of
a chemical depends on two “opposite” factors: (1) gastrointes-
tinal and gill absorption of chemicals from the ambient envi-
ronment and food web, and (2) metabolic and non-metabolic
elimination (mainly gill elimination) of chemicals from the sh
body.43 Both processes are impacted by the hydrophobicity of
chemicals, characterized by the octanol–water partition coeffi-
cients (KOW). Atmospheric OH oxidation adds oxygen-
containing functional groups (e.g., hydroxyl, carbonyl, and
carboxyl groups) to LCMs, generating more hydrophilic trans-
formation products, as suggested by the lower KOW for products
This journal is © The Royal Society of Chemistry 2024
compared to LCMs (Fig. S2†). In general, chemicals with high
hydrophilicity, characterized by a KOW below 107, tend to have
limited gill and gastrointestinal absorption because of the high
transmembrane resistance to partition into lipid-rich gill and
gastrointestinal epithelial tissues. Conversely, chemicals with
very high hydrophobicity, characterized by a KOW above 109,
may also have limited gill and gastrointestinal absorption
because of (i) high transmembrane resistance posed by water-
based boundary layers adjacent to the epithelial tissues,44 and
(ii) low freely dissolved concentrations that are bioavailable.45

Notably, high transmembrane resistance in the gastrointestinal
tract necessitates an extended period for these chemicals to
reach equilibrium partitioning between sh and water, which
may even exceed the residence time of digesta in the gastroin-
testinal tract and, therefore, limit gastrointestinal absorption.32

For these reasons, we may expect higher BAFs of certain inves-
tigated transformation products, i.e., those with KOW between
107 and 109, such as products E1–E3 (structures shown in Table
S1†).

While the BAFs of most transformation products are lower
than their parent compounds, this does not mean they are not
bioaccumulative. Among the 66 transformation products
investigated here, 44% of them (29 products) meet the “Stock-
holm convention criterion” (i.e., BAF > 5000 L kg−1), and 41
products meet the “EPA criterion” (i.e., BAF > 1000 L kg−1) and
are considered to be bioaccumulative. Therefore, the bio-
accumulation potential of transformation products warrants
attention when assessing the environmental risks of LCMs.
Mobility

The high KOC of EPPB and EFPT indicate strong sorption of
these chemicals on soil and sediment solids, which implies low
mobility in the aquatic environments. However, the KOC for all
investigated transformation products are one or two orders of
magnitude lower than those of their parent compounds (Fig. 1E
and F), indicating increased mobility. This can be expected
given that atmospheric oxidation adds oxygen-containing
functional groups (e.g., hydroxyl, carbonyl and carboxyl
groups) to LCMs, generating more hydrophilic transformation
products. While specic criteria for “mobility” are under
discussion at this point, we tentatively adopt the German
Environmental Agency's cut-off criterion (KOC lower than 104

over the pH range of 4–9) for illustration.35 With this criterion,
the two parent compounds (EPPB and EFPT) are not identied
to be “mobile”, while 35% of EPPB's and 58% of EFPT's trans-
formation products become “mobile”. This contrast between
the transformation products and their parent compounds
emphasizes the necessity to further investigate their potential
environmental impacts on aquatic ecosystem health and the
safety of drinking water. Mobile chemicals, such as these
transformation products, have a higher likelihood of being
transported in the aqueous environment from their emission
sources. In addition, they may pose challenges in terms of
removal through drinking water and wastewater treatment
procedures.46,47 Thus, understanding the environmental fate
and potential risks of these transformation products is crucial
Environ. Sci.: Processes Impacts, 2024, 26, 94–104 | 99

https://doi.org/10.1039/d3em00424d


Environmental Science: Processes & Impacts Paper

Pu
bl

is
he

d 
on

 3
0 

N
ov

em
be

r 
20

23
. D

ow
nl

oa
de

d 
on

 1
/2

5/
20

24
 7

:3
9:

25
 A

M
. 

View Article Online
for ensuring water quality and safeguarding aquatic
ecosystems.35,48

Toxicity

Fig. 1G and H compare the toxicity to fathead minnow (repre-
senting aquatic ecological receptors) of the two LCMs and their
transformation products. The predicted LC50 for the two parent
LCMs are all well below 1 mg L−1. In general, the trans-
formation products are predicted to possess slightly higher LC50

(i.e., less toxic) than EPPB and EFPT. Note that toxicity predic-
tions are missing for certain transformation products because
they contain structural features absent from the training set of
the TEST model.

The nding that atmospheric oxidation slightly “detoxies”
EPPB and EFPT can be expected because the introduction of
hydrophilic groups usually reduces the toxicity of chemicals.
However, it is important to exercise caution when interpreting
this nding, as the LC50 values of both parent compounds and
transformation products are, in fact, quite close to each other,
falling within a range of less than an order of magnitude. A
closer examination of the TEST modeling procedures reveals
two key factors contributing to this similarity: (i) TEST utilizes
nearly identical sets of training chemicals for predicting both
LCMs and transformation products, and (ii) the transformation
products exhibit greater structural similarity to chemicals in the
TEST training sets, in comparison to the parent compounds. As
a result, the predictions for transformation products are
considered to be relatively more reliable than those for parent
compounds. By contrast, the observed subtle difference in
predicted toxicity between transformation products and parent
Fig. 2 (A) A representative example of photo-oxidation reaction channel
(B), bioaccumulation factor (C), and mobility (D) of EFPT transformation

100 | Environ. Sci.: Processes Impacts, 2024, 26, 94–104
compounds can be attributed to the disparity in the similarity
between these chemicals and TEST's training chemicals, which
is highly dependent on the way that TEST denes and charac-
terizes similarity between molecules. Therefore, it is essential
not to over-interpret the difference in toxicity. Further investi-
gation and validation are needed to gain a clearer under-
standing of the potential risks associated with the oxidation
products of LCMs, which helps elucidate whether the observed
detoxication effect is an artifact of the modeling process or
a true representation of the evolution in toxicity of these
chemicals.

Nevertheless, if we adopt the U.S. Fish and Wildlife Service
(FWS) aquatic toxicity rating categorization based on LC50

values (“super toxic”, LC50: 0.01–0.1 mg L−1; “highly toxic”,
LC50: 0.1–1 mg L−1; and “moderately toxic”, LC50:
1−10 mg L−1),49 26 transformation products are labeled to be
“super toxic”, 8 transformation products are “highly toxic”, and
4 transformation products are “moderately toxic”, together
accounting for 58% of the investigated transformation
products.

We further analyze the carcinogenicity and mutagenicity of
transformation products. As shown in Dataset S1,† a few LCM
products are predicted to be potentially carcinogenic and
mutagenic by the VEGA model. However, the model warns that
the reliability for the predictions are low since the trans-
formation products largely fall outside the applicability
domains of the predictive models in VEGA. Therefore, future
experimental and theoretical efforts are warranted to further
elucidate the genetic toxicity of transformation products.
of EFPT. A comparison between the overall environmental persistence
products formed from the reaction channel shown in A.

This journal is © The Royal Society of Chemistry 2024
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Impact of atmosphere photo-oxidation

With continued exposure to atmospheric oxidants, LCMs will
be transformed into a series of oxidation products through
multiple steps of reactions, generating early-generation
(formed through less than three reaction steps) and later-
generation products. Below we select one reaction channel
of EFPT as a representative example to illustrate the impact of
photo-oxidation on the properties of transformation products
of different generations (Fig. 2A). In this reaction channel,
EFPT reacts with OH radical and O2 to form alkylperoxy radi-
cals, which can be transformed into product F1 (a hydroper-
oxide). With continued OH oxidation, product F1 leads to the
formation of product F6 (a dihydroperoxide), which can then
be converted to products F7 (a hydroxyl hydroperoxide) and F8
(a carbonyl hydroperoxide) through the Russell mechanism.50

Further reactions of products F7 and F8 would result in the
formation of products F9 (a dicarbonyl) and F10 (a carboxylic
acid).

As shown in Fig. 2B, the POV of transformation products
exhibits a gradually decreasing trend from F6 to F10 as oxidation
reactions proceed. The rst step of oxidation adds the OOH
group to EFPT and generates a more hydrophilic trans-
formation product (F1), which leads to an elevated POV.
However, further oxidation does not signicantly change the
hydrophobicity of transformation products but lowers a chem-
ical's resistance to biodegradation in the environment, as evi-
denced by the decreasing biodegradation half-lives of products
F6–F10 (see Dataset S1†). Therefore, a decreasing trend for POV is
observed as the oxidation reaction proceeds. It is noteworthy
that, despite the observed decreasing trend for transformation
products, the persistence of most products in Fig. 2A remained
up to 56% higher than that of the parent EFPT.

Similar to the trend in POV, the BAFs of transformation
products also exhibit a decreasing trend as oxidation reactions
proceed (Fig. 2C). The BAF of product F10 (a later-generation
product) is four orders of magnitude lower relative to that of
F1 (an early-generation product). Compared to early-generation
products, later-generation products F6–F10 exhibit lowered
hydrophobicity and higher biotransformation potential (see
Dataset S1†), both decreasing the BAF. In addition, since the
transformation products' hydrophilicity increases with
continued oxidation, the mobility of products increases as the
reaction proceeds (Fig. 2D). With respect to the toxicity, the
models cannot predict reliably for some transformation prod-
ucts in Fig. 2A (the model cannot generate appropriate molec-
ular descriptors for predictions for F1, and F6–F8), preventing
a denitive conclusion for the toxicity trend. Further study is
warranted to investigate the dynamic evolution of trans-
formation products' toxicity.
Uncertainties and limitations

This work presents an in silico model-based assessment of the
hazard properties of LCM transformation products identied in
the controlled laboratory experiments. Given the uncertainties
in product identication and computational modeling, this
work may suffer the following categories of limitations.
This journal is © The Royal Society of Chemistry 2024
First, the transformation products in Table S1†were identied
based upon the mass spectrometry data obtained from LCM
oxidation experiments.13 Although this approach has been widely
used for the identication of atmospheric transformation prod-
ucts of emerging contaminants such as organophosphates and
synthetic antioxidants,51–53 it may still exhibit certain limitations.
For example, the mass spectrometry used to detect LCM trans-
formation products is unable to distinguish positional isomers
and stereoisomers. When positional isomers exist, only a single
isomer is selected for the hazard assessment in this work for
simplicity. While this may introduce uncertainty into the prop-
erty predictions, it should not affect the main conclusion of this
work given that a previous study indicates that the positional
isomers of organophosphate transformation products possess
similar physicochemical properties.39 The absence of stereo-
isomerism does not pose an issue for in silicomodeling, as QSARs
and QSPRs used here are based on two-dimensional descriptors
and do not take chirality into account.

Second, since QSARs and QSPRs rely on statistical relation-
ships between chemical structures and the physicochemical
and toxicity properties of interest, we acknowledge that their
predictions can be subject to statistical errors. Such statistical
errors can be quantied using metrics such as a root mean
square error (RMSE) or a standard deviation (STD), and their
magnitude can vary among different QSARs or QSPRs. For
instance, when predicting KOW, the algorithms of OPERA, IFS-
QSAR, and EPI Suite exhibit RMSEs or STDs of 0.79 log units,
0.15 log units, and 0.41 log units, respectively. Combining
predictions from all three QSARs results in an overall uncer-

tainty of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:792 þ 0:152 þ 0:412
p ¼ 0:90 log units for KOW. Like-

wise, the calculated overall uncertainties for KOA, pKa, HLbiodeg,
and HLbiotrans are 1.04 log units, 1.50 log units, 0.58 log units,
and 0.57 log units, respectively. Furthermore, when using
generic extrapolation ratios of 1 : 2 : 10 for degradation half-lives
between water, surface soil, and sediment, additional uncer-
tainties may be introduced. This is because these extrapolation
ratios are statistical averages applied to a broad spectrum of
chemicals and may not necessarily reect the relationships for
specic chemicals.

Third, we also need to acknowledge the uncertainties asso-
ciated with PROTEX's algorithm. Models, by their nature,
simplify the intricacies of the real-world environment. There-
fore, the simplifying assumptions may cause uncertainties in
estimates. For instance, when evaluating bioaccumulation,
PROTEX relies on the assumption of a steady state, which
represents a conservative “worst-case scenario” as recom-
mended by the EU Technical Guidance Document to account
for the potential maximum contamination in sh. Similarly,
when assessing persistence, PROTEX assumes a well-mixing
and homogeneous distribution of chemicals in different envi-
ronmental compartments. Such simplifying assumptions might
not fully capture the complexities of real-world conditions and
can introduce biases.

For these reasons, it is advisable to interpret the hazard
predictions outlined here with caution. It is also essential to
underscore that these uncertainties are, for the most part,
Environ. Sci.: Processes Impacts, 2024, 26, 94–104 | 101
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inevitable, primarily because of the lack of experimentally
measured chemical properties and the inherent nature of in
silico models, notably for “data-poor” chemicals with limited
available experimental data, such as LCMs and their trans-
formation products.
Environmental implications

This work provides new insights into the environmental
hazards of LCMs. The results suggest that atmospheric trans-
formation can signicantly change the hazard properties of
LCMs. Most transformation products are more persistent, less
bioaccumulative, more mobile, and slightly less toxic than their
parent compounds. Therefore, accounting for the impacts of
atmospheric transformation should be considered critical for
making accurate risk evaluations of LCMs. In addition, as noted
above, a few transformation products are beyond the TEST
model's capability of generating appropriate molecular
descriptors in toxicity predictions, leading to unknown infor-
mation for these products. This highlights the need to conduct
in vitro and in vivo experiments in future studies to illustrate the
health impacts of transformation products. Finally, we note that
limited consideration has previously been given to atmospheric
chemical transformation when evaluating the environmental
and health risks of emerging contaminants. Recent studies
indicate that the exposure risks associated with organophos-
phate ame retardants (another emerging contaminant) and
bisphenols (a well-studied contaminant) may be under-
estimated due to the lack of consideration for their atmospheric
chemical reactions.39,54 Together with the current LCM work,
this underscores the necessity to include atmospheric trans-
formations in the development of control measures for
emerging contaminants.
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