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Tire antioxidant N-(1,3-dimethylbutyl)-N'-phenyl-p-phenylenediamine
Received: 15 December 2025 (6PPD) and its transformation product 6PPD-quinone (6PPD-Q) have recently been

Revised: 14 January 2026 recognized as emerging contaminants of global concern due to their widespread
Accepted: 19 January 2026 occurrence and high toxicity to aquatic organisms. Although the rapidly accumulating
Published: 30 January 2026 monitoring and toxicological data suggesting substantial ecological risks, a quantitative

and cross-species assessment framework remains lacking. Here, we compiled 77
reported concentration records of 6PPD and 6PPD-Q from 21 studies worldwide and
assembled 991 toxicity endpoints across 34 species to derive Predicted No-Effect

6PPD; 6PPD-Q; . . e o o

species sensitivity Concentrations (PNECs) by species sensitivity distributions (SSDs) and probabilistic

distribution (SSD); ecological risk estimates. Both compounds were ubiquitously detected in surface
e - waters, with 6PPD-Q frequently exceeding the concentration of its parent compound.

Probabilistic ecological . o . e . .

risk assessment: Salmonids exhibited exceptional sensitivity to 6PPD-Q, with lethal thresholds in the

nanogram-per-liter range, whereas tolerance varied markedly among non-salmonid
taxa. Model-averaged SSDs yielded mortality-based hazardous concentrations for 5%
of species (HCs) of 24.3 pg/L for 6PPD and 0.0559 ug/L for 6PPD-Q, corresponding to
e Global SSD-based PNECs PNECs of 4.87 and 0.0112 pg/L, respectively. Probabilistic risk characterization
were derived for 6PPD indicated negligible global risk for 6PPD, whereas 6PPD-Q exhibited elevated risk
and 6PPD-Q potential, with mortality-based overall risk probabilities reaching 11.4%. Risk levels
e 6PPD-Q showed much followed the pattern of surface runoff > river waters > wastewater effluent, and were
higher toxicity than 6PPD,  higher in North America and Europe than in Asia. Regional differences in species
with extreme sensitivity in ~ sensitivity and environmental exposure contributed to substantial uncertainties,

tire-derived contaminants

salmonids underscoring the need for localized PNEC derivation and expanded toxicity datasets,
e 6PPD-Q exhibited elevated ~particularly for transformation products. This study provides the first integrated global
probabilistic ecological SSD-based benchmarks for 6PPD and 6PPD-Q, offering a quantitative foundation for
risk in surface waters monitoring, regulation, and ecological protection of tire-derived contaminants.
Copyright: © 2026 by the authors. This is an open access article under the terms and conditions of the Creative Commons Attribution (CC
BY) license (https://creativecommons.org/licenses/by/4.0/).
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Tire-derived contaminants, particularly N-(1,3-
dimethylbutyl)-N'-phenyl-p-phenylenediamine  (6PPD)
and its transformation product 6PPD-quinone (6PPD-Q),
have emerged as significant pollutants in urban aquatic
ecosystems [1,2]. 6PPD is extensively used as an
antioxidant in tire manufacturing to prevent ozone-
induced degradation [3,4]. In China, annual production of
6PPD reaches approximately 200,000 tons, accounting for
about 54% of total rubber antioxidant output [5]. Upon
reaction with ozone, 6PPD is converted into 6PPD-Q, a
transformation product recently identified as highly toxic
to aquatic organisms, such as coho salmon (Oncorhynchus
kisutch), with a 24-h LCso as low as 0.095 pg/L [6,7].
The discovery of 6PPD-Q as the causative agent of the
“urban runoff mortality syndrome” has drawn global
attention to its environmental occurrence and
ecotoxicological implications.

Beyond the acute lethality, 6PPD and 6PPD-Q elicit a
broad spectrum of toxic effects across aquatic organisms,
indicating substantial sublethal and chronic impacts. Both
compounds reduce photosynthetic performance, induce
oxidative damage, and limit nutrient uptake in the floating
macrophyte Eichhornia crassipes [8]. In corals, 6PPD causes
acute toxicity and impairs the photosynthetic function of
their symbiotic algae, leading to reduced growth and
whole-organism respiration in Pocillopora damicornis [9].
Animal studies reveal further vulnerabilities: 6PPD induces
developmental abnormalities in zebrafish (Danio rerio; 96-h
LCso = 2200 pg/L) [10], and environmentally relevant
6PPD-Q levels compromise intestinal barrier integrity in
Caenorhabditis elegans [11]. Exposure to approximately
102 pg/L 6PPD further provokes oxidative stress and
apoptosis in zebrafish larvae, alters cardiotoxicity-related

gene expression, and perturbs the growth hormone/
insulin-like growth factor (GH/IGF) and hypothalamic-
pituitary-thyroid (HPT) endocrine axes, leading to
growth inhibition and developmental defects [10,12]. At
the molecular level, 6PPD-Q reacts with DNA
deoxyguanosine to form 6PPD-Q-dG adducts that
accumulate in fish eggs and gills, suggesting genotoxic
potential and tissue-specific bioaccumulation [13]. In
mammals, repeated exposure induces pulmonary
inflammation and fibrosis, indicating potential human
health concerns [14]. In addition, population-level assays
revealed that 6PPD poses greater reproductive risk than
6PPD-Q to freshwater rotifers (Brachionus calyciflorus) at
equivalent concentrations [15]. Collectively, these
findings underscore the broad biological reactivity and
ecological relevance of these compounds.

Environmental monitoring has confirmed the
widespread presence of 6PPD and 6PPD-Q across
multiple environmental compartments, including
wastewater effluents [16], surface waters [17,18],
stormwater runoff [1,19], sediments [5], and aquatic biota
[20]. Concentrations in surface waters often reach several
hundred nanograms per liter, with urban runoff
containing up to 120 ng/L of 6PPD-Q [1]. Furthermore,
several PPDs have demonstrated bioaccumulation and
trophic transfer potential in estuarine food webs [20].
Despite this growing body of evidence, toxicity data
remain fragmented across species and endpoints, and no
quantitative framework currently exists to integrate
exposure and sensitivity information for comprehensive
ecological risk characterization.

To address this limitation, the Species Sensitivity
Distribution (SSD) approach provides a probabilistic
method to quantify interspecies variation in chemical




sensitivity and to derive key ecological protection
thresholds, such as the hazardous concentration affecting
5% of species (HCs) and the Predicted No-Effect
Concentration (PNEC). The SSD represents the cumulative
distribution of species-specific toxicity thresholds and
assumes that the tested organisms reflect the sensitivity
spectrum of an ecosystem [21]. This approach, endorsed by
OECD and ECHA guidance, enables probabilistic estimation
of ecological protection levels and has been widely applied
in deriving scientifically defensible PNECs [22,23].
Statistical models commonly used for SSD fitting include
the “log-logistic”, “log-normal”, “Weibull”, and “gamma”
distributions [24]. However, SSD-based HCs; and PNEC
values for 6PPD and 6PPD-Q have not yet been
established at a global scale, limiting our ability to assess
their ecosystem-level risks quantitatively.

Therefore, this study aims to: (1) review and compile
global occurrence data of 6PPD and 6PPD-Q in
environmental surface runoff, wastewater treatment
plants, and river surface water; (2) develop SSD-based
PNECs for both compounds by integrating toxicity data
across various taxa; and (3) quantify the ecological risks
at regional and global scales. The derived PNECs and risk
assessment results of 6PPD and 6PPD-Q will provide a
solid scientific foundation for future monitoring and
management of tire-derived contaminants.

A systematic literature survey was conducted to
compile reported concentrations of 6PPD and 6PPD-Q in
various aquatic matrices, including surface runoff,
wastewater treatment plants (WWTPs), and river surface
waters. Searches were performed across multiple
bibliographic databases (Web of Science, ACS
Publications, and Google Scholar) using combinations of
the following keywords: “6PPD”, “6PPD-quinone”, “6PPD-
Q”, “stormwater”, “surface water”, “runoff’, “river”,
“wastewater treatment plant”, and “concentration”.
Additional references were identified through backward
citation tracking (snowballing). Studies were included if
they (i) reported quantitative concentrations of 6PPD or
6PPD-Q in environmental samples and (ii) provided
sufficient metadata to identify sampling locations and
matrices. In total, 21 studies published between 2022 and
2025 were included, yielding 77 valid data points (Tables
S1-S3). All concentrations were converted to ng/L for
consistency. When multiple values were reported, mean
concentrations were preferentially used; if unavailable,
median values were selected; and when neither was
provided, the average of the maximum and minimum
values was adopted. For WWTPs, effluent concentrations
were used for spatial visualization. When pre- and post-
rainfall data were available, post-rainfall concentrations
were selected to represent storm-event exposure. Data

were organized by site (Table S4) and continent for
content analysis (Table S5), and spatial distributions were
mapped using ArcGIS (version 10.2).

SSDs were developed to derive hazardous
concentration (HC) values and estimate predicted PNECs
for 6PPD and 6PPD-Q. A total of 991 aquatic toxicity
records spanning 34 species were compiled from peer-
reviewed literature and the U.S. EPA ECOTOX database
with duplicate entries removed (Table S6). The retrieval
of toxicity data from peer-reviewed literature followed
the same approach as for sampling concentrations, using
keywords including “6PPD”, “6PPD-quinone”, “6PPD-Q”,
“LCso”, “ECs0”, “No Observed Effect Concentration
(NOEC)”, “Lowest Observed Effect Concentration (LOEC)”,
and “toxicity”. Notably, all toxicity concentrations were
standardized to ug/L to ensure comparability among data
from different sources, and all concentration values cited
in this study are reported with a precision that remains
consistent with the original references, ensuring data
fidelity and clarity. SSDs were constructed only when data
were available for at least seven taxonomically diverse
species representing a minimum of two trophic levels
(e.g., algae, invertebrates, and fish) to ensure statistical
robustness. All datasets were quality-checked for
completeness and normality (Kolmogorov-Smirnov test,
p > 0.05). Three toxicity endpoint categories, including
mortality, growth, and biochemical effects were analyzed
to capture both acute and sublethal responses. Mortality-
based SSDs were derived from acute LCs or ECso data,
whereas growth- and biochemical-based SSDs were
constructed using chronic No Observed Effect
Concentration (NOEC) or Lowest Observed Effect
Concentration (LOEC) values. Geometric means were
applied to minimize the influence of outliers, consistent with
the assumption of log-normal toxicity distributions [25].

To minimize model-specific bias, SSDs were
generated using a model-averaging approach integrating
four commonly applied distributions: log-logistic (llogis),
log-normal (Inorm), Weibull, and Gamma. The best-fitting
models were identified using the Akaike Information
Criterion (AIC), and the corrected AIC (AIC:) was used for
small sample sizes (sample size/parameter number < 40)
[26]. This model-averaged SSD framework provides a more
reliable estimate of species sensitivity and ecological
protection thresholds than any single-model approach
[27]- The AIC. values were calculated as follows:

2p(p+1)

AICC=2p—21n(L)+n_p_1

(1)
Here, p denotes the number of parameters in the model,
and L represents the maximum value of the model’s
likelihood function.

The weight of model m among a total of k models was
calculated using the following formula:
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Here, AIC¢min denotes the minimum AIC. value among the
set of k models.

The model-averaged SSD was calculated by incur-
porating the weights of the individual models as follows:

k
HC, = Z weight,, HC,p, 3)
m=1

Here, HCx represents the concentration affecting x% of
species in the ecosystem. The predicted no-effect
concentration (PNEC) was calculated by dividing the
derived HCs by an assessment factor (AF) of 5. In SSD-
based assessments, the AF typically ranges from 1 to
5 [23,28]. The selection of AF is both a scientific and a
policy decision [28]. When uncertainty is high, higher AFs
are generally warranted to ensure protective risk
estimates [29]. Therefore, AF selection should be based on
known sources of uncertainty and variability in the
available toxicity data [30]. Considering the substantial
variability in toxicity data and the elevated level of
concern associated with these two compounds, we
conservatively selected an AF of 5, consistent with a
previous SSD-based study [23].

We evaluated the ecological risks of 6PPD and 6PPD-
Q using a tiered probabilistic framework comprising three
sequential levels: Level 1 (hazard quotient, HQ), Level 2
(overall risk probability, ORP), and Level 3 (distribution-
based quotient, DBQ). HQ was calculated as the measured
or predicted environmental concentration divided by the
PNEC, with risk categories defined as <0.1 (negligible), 0.1-
1 (potential), and >1 (significant) [31]. Environmental
concentrations were statistically characterized by fitting
observed or modeled data to appropriate probability
distributions, and the probabilities of exceeding HCs and
PNEC were derived from cumulative distributions. A joint
probability curve (JPC) integrating exposure and
sensitivity distributions was constructed, and ORP was
obtained as the area under the JPC curve to quantify the
probability of adverse effects across the aquatic
community, with ORP values of 0.1-1 indicating potential
risk and >1 indicating clear risk [23]. To account for
uncertainties and variability in exposure and toxicity data,
20,000 Monte Carlo simulations were performed. In each
simulation, environmental concentrations and
toxicological endpoints were randomly sampled to
calculate the distribution-based quotient (DBQ):

Cexposure

DBQ = ——P222% 4
PNECsampled ( )

The resulting DBQ probability distribution was used
to estimate the probability of exceeding critical

thresholds, representing ecological risk. All analyses were
conducted in R (v4.4.2), with SSD fitting, simulations, and
visualization performed wusing the “fitdistrplus”,
“ssdtools”, and “ggplot2” packages. The key R scripts are
provided in Supplementary Information Text S1, ensuring
full reproducibility of the results.

Both 6PPD and its transformation product 6PPD-Q
have been ubiquitously detected in aquatic environments
worldwide, with maximum reported concentrations
reaching 783 and 2850 ng/L, respectively (Table S1). Of
the 24 studies that concurrently quantified both
compounds in surface waters, 20 reported higher mean
concentrations of 6PPD-quinone than of 6PPD (Tables
S1-S4), suggesting that 6PPD undergoes rapid ozonation
after entering surface waters [32,33]. Concentration data
from these paired samples also revealed a significant
positive correlation between 6PPD and 6PPD-Q (r=0.641,
p < 0.01), suggesting that the formation of 6PPD-Q is
directly linked to the availability of 6PPD. These
observations are consistent with 6PPD’s role as an
antiozonant in rubber, where oxidation at the polymer
surface depletes local 6PPD and promotes migration of
internal 6PPD toward the exterior, thereby sustaining
protection against oxidative stress [34]. Compared with
surface runoff and riverine waters, 6PPD (0.1-5.3 ng/L)
and 6PPD-Q (<MDL-21 ng/L) levels in wastewater
treatment plant (WWTP) effluents are relatively low
(Table S5), indicating the limited contribution of WWTPs
to the environmental occurrence of these compounds
[35]. The similar concentration ranges of targeted
compounds in surface runoff and rivers further imply that
surface runoff is the predominant pathway through which
these contaminants are introduced into fluvial systems [2].

For surface runoff and river samples, 6PPD-Q
concentrations in North America and Europe were generally
higher than those observed in Asia (Figure 1 and Table S5).
Notably, 6PPD-Q concentrations reached up to 5100 ng/L in
roadway runoff from Los Angeles [7] and 428 ng/L in road
surface snow melt from Germany [36]. Such elevated levels
may be associated with the high traffic density in certain
urban areas and regional differences in the use of 6PPD in
tire formulations. Coho salmon (Oncorhynchus kisutch),
which is highly sensitive to 6PPD-Q toxicity, is native to the
Pacific coasts of the United States and Canada. In these
regions, reported 6PPD-Q concentrations in rivers (12-2020
ng/L) are generally close to or even exceed the 96-h LCs, for
coho salmon (95 ng/L). In contrast, concentrations detected
in Asian surface rivers were lower (up to 47 ng/L), and Asia
is not a primary habitat of this species. These observations
indicate that the ecological implications of 6PPD-Q
contamination may vary regionally. To date, most studies on




6PPD and 6PPD-Q in surface waters have been conducted in
Asia, North America, and Europe, whereas data from South
America, Africa, and Oceania remain scarce [37].
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Figure 1. Global distribution of 6PPD and 6PPD-Q
in water.

The raw toxicity data of 6PPD and 6PPD-Q based on
various endpoints are exhibited in Table S6. Toxicity
information for 6PPD was relatively comprehensive,
comprising 60 mortality endpoints, 76 growth-related
endpoints, and 301 biochemical endpoints. The correspo-
nding concentration ranges were 5-14,740 pg/L (geometric
mean: 360 pg/L), 1-1922.64 pg/L (91.45 pg/L), and 1-
1922.64 pg/L (43.15 pg/L), respectively. The geometric
mean of mortality data for 6PPD was approximately four
times higher than that of growth endpoints and eight times
higher than that of biochemical endpoints.

Among the mortality endpoints, Hyalella azteca,
Oryzias latipes, and Oncorhynchus mykiss were the most
sensitive species, with geometric mean LCs, values of 30,
105, and 192 pg/L, respectively, whereas Pocillopora
damicornis was markedly less sensitive, exhibiting a
geometric mean LCs, of 5886 pg/L. For growth-related
endpoints, Pelophylax nigromaculatus and Daphnia pulex
were identified as the most sensitive species, with
geometric mean NOEC/LOEC values of 1 and 10 pg/L,
respectively (Table S6). In contrast, Chlorella pyrenoidosa
showed substantially lower sensitivity, with a geometric
mean NOEC/LOEC value of 1552.5 pug/L (Table S6). This
represents an inter-species sensitivity spread of over
three orders of magnitude, highlighting pronounced
variability in toxicological responses across taxa.

For biochemical endpoints, Pelophylax nigromaculatus
and Eichhornia crassipes exhibited the highest sensitivity,
with geometric mean NOEC/LOEC values of 1 and 10 pg/L,
respectively (Table S6). Similar to the pattern observed for

growth, Chlorella pyrenoidosa was among the least sensitive
species, with a geometric mean NOEC/LOEC 0of 1922.64 ng/L
(Table S6). This taxonomic pattern suggests that primary
producers generally exhibit reduced susceptibility to 6PPD
compared to higher-trophic organisms. Collectively, these
results demonstrate substantial variation in species-specific
sensitivity to 6PPD across trophic levels and biological
endpoints. Such variability underscores the necessity of
incorporating diverse taxa and sub-lethal indicators into
ecological risk assessments to avoid underestimating
potential impacts on sensitive species and early-warning
biological processes.

For 6PPD-Q, 26 mortality records, 75 growth records,
and 173 biochemical records were available, with
corresponding concentration ranges of 0.0396 pg/L-308.67
pg/L (geometric mean: 0.98 pg/L), 0.05-7500 pg/L (28.66
pg/L), and 0.01-2000 pg/L (18.01 pg/L), respectively. The
geometric mean value for mortality endpoints was
approximately three orders of magnitude lower for 6PPD-Q
compared to 6PPD, while the geometric means for growth
and biochemical endpoints were each roughly three-fold
lower. For example, compared with 6PPD, 6PPD-Q induced
stronger oxidative stress in Chlorella vulgaris, disrupting cell
membrane permeability and mitochondrial membrane
potential [38], and exerted greater effects on lipid
metabolism in male black-spotted frogs [39]. The higher
intrinsic toxicity of 6PPD-Q is likely attributable to its
quinone moiety, which enhances -electrophilicity and
enables covalent binding with biological nucleophiles,
including DNA, potentially resulting in DNA adducts and
mutagenic effects [32]. Additionally, its higher aqueous
solubility (log Kow 3.98 vs. 4.47) and greater environmental
persistence, 13.5-14.2 d versus 0.7-1.5 d in aerobic soils [40]
and 12.8-16.3 d versus 4.83-64.1 h in aqueous solution [41],
likely increase bioavailability across multiple taxa, thereby
lowering the concentrations at which toxic effects occur.
Together, these findings suggest that transformation
products such as 6PPD-Q may pose equal or even greater
ecological risks than their parent compounds, highlighting
the importance of including degradation intermediates in
ecological risk assessments.

Regarding mortality, the toxicity of 6PPD-Q varied
widely among different fish species upon individual
exposure. For example, the relatively tolerant species
Danio rerio exhibited a geometric mean LCso of 199.4 pg/L,
which is approximately three orders of magnitude higher
than the most sensitive species, such as Oncorhynchus
kisutch (0.125 pg/L), Salvelinus fontinalis (0.59 pg/L),
Salvelinus leucomaenis pluvius (0.51 pg/L), Oncorhynchus
clarkii clarkii (0.112 pg/L), and Salvelinus namaycush
(0.5 pg/L) (Table S6). Previous studies have reported that,
following 96 h of exposure, zebrafish embryos
biotransform approximately 50% of 6PPD and 95% of




6PPD-Q. Such a high metabolic capacity may partially
account for the pronounced species-specific tolerance of
zebrafish embryos toward 6PPD-Q [42]. Among the tested
species, the growth and biochemical toxicity data indicated
that Sparus aurata (geometric mean of 1000 pg/L) and
Sciaenops ocellatus (449.85 pg/L) were the most tolerant to
6PPD-Q exposure (Table S6). Similarly, Brachionus
koreanus also exhibited marked tolerance at biochemical
endpoints, with a NOEC of 1000 pg/L. In contrast, the
salmonids Oncorhynchus kisutch (0.3 pg/L) and Salvelinus
namaycush (2.1 pg/L) were the most sensitive species
based on growth-related toxicity endpoints. For
biochemical endpoints, Salvelinus fontinalis (0.898 pg/L),
Oncorhynchus  clarkii  clarkii  (0.093 pg/L), and
Ceratophyllum demersum L. (0.1 pg/L) exhibited the
highest sensitivity among the tested species (Table S6).
Notably, the SSD curve for 6PPD-Q based on mortality
endpoints is shifted to the left relative to those derived
from growth and biochemical endpoints (Figure 2). This
pattern likely arises from two factors. First, 6PPD-Q can
induce rapid lethal effects in salmonids, including
respiratory or cardiovascular failure and acute metabolic
disruption, resulting in mortality that may occur before
detectable changes in chronic endpoints such as growth,
reproduction, or enzyme activities [43]. Second, the
inclusion of highly sensitive taxa, such as cold-water
salmonids, statistically lowers the left tail of the mortality-
based SSD, resulting in a reduced HCs.

Cold-water salmonids such as Oncorhynchus kisutch,
Salvelinus  namaycush, Salvelinus  fontinalis, and
Oncorhynchus clarkii clarkii responded to 6PPD-Q at sub-
microgram concentrations, highlighting the potential
of salmonids as emerging model species for monitoring
the impacts of environmental changes on aquatic
ecosystems  [44]. Molecular investigations in
Oncorhynchus kisutch embryos revealed that 6PPD-Q
disrupts vascular integrity by dysregulating pathways
involved in endothelial permeability, suggesting blood-
brain barrier and cardiovascular system impairment as
plausible modes of action [45]. In addition, both 6PPD and
6PPD-Q contain chiral carbon atoms and exist as a pair of
enantiomers. Studies have shown that the S-enantiomer
of 6PPD-Q is 2.6 times more toxic to rainbow trout than
the R-enantiomer [41]. Therefore, enantioselective
metabolism studies in salmonids suggest that the toxicity
and biotransformation of 6PPD-Q may differ substantially
between its stereoisomers, reflecting protein-binding
specificity and toxicokinetic factors that contribute to
species sensitivity [46]. Collectively, species-specific
sensitivity to 6PPD-Q is likely shaped by both
toxicodynamic factors, which determine the chemical’s
interactions with biological targets, and toxicokinetic
processes, which govern its absorption, distribution,
metabolism, and excretion in the organism [47]. Further
studies are needed to elucidate the mechanisms driving
these species-specific toxic responses [6,48].
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Figure 2. Species sensitivity distribution of 6PPD (a)
and 6PPD-Q (b) based on different endpoints.

Table 1 presents various statistics for the SSDs
constructed for 6PPD and 6PPD-Q. Model fit was assessed
using AlCc and AAICc, with smaller values indicating better
fit [49]. Based on these criteria, the “llogis” distribution
provided the best fit to the mortality data for both 6PPD
and 6PPD-Q, followed by the “lnorm” distribution. The
“gamma” and “weibull” distributions yielded relatively low
HCs values, likely because smaller shape parameters
produce a steeper initial ascent of the SSD curves, which
may result in an overly conservative protection level for
aquatic ecosystems [22,50]. Therefore, SSDs for 6PPD and
6PPD-Q were constructed using a model-averaging
approach, in which weights were assigned to the selected
distributions according to their goodness of fit [26].

Based on these results, the mortality-based HCs
values for 6PPD and 6PPD-Q were 24.33 and 0.0559 pg/L,
respectively, and the corresponding mortality-based
PNECs were 4.866 and 0.0112 pg/L. In addition, we
attempted to predict the chronic mortality of 6PPD-Q
using NOEC/LOEC values. The results showed that the
HCs estimated for chronic mortality was approximately
three times higher than the acute lethal concentration.
This discrepancy likely reflects the inherent limitations
and variability of NOEC/LOEC-based chronic endpoints,
highlighting the need for reliable concentration-response
data to support SSD construction. For growth data, the
“Inorm” distribution provided the best fit for both 6PPD
and 6PPD-Q, yielding HC5 values of 1.622 and 0.932 pg/L,
respectively. For biochemical endpoints, the “gamma”
distribution was optimal, with corresponding HCs values




of 1.767 and 0.804 pg/L. In both datasets, the HCs of 6PPD
was approximately twice that of 6PPD-Q. Moreover, the
mortality-based HCs for 6PPD-Q was approximately one

order of magnitude lower than those derived from growth
(0.932 pg/L) or biochemical endpoints (0.804 ug/L), and
the underlying drivers have been discussed in Section 3.3.

Table 1. SSD parameters of 6PPD and 6PPD-Q based on different toxicity endpoints.

Chemicals Endpoint Distribution N Mean * SD (pg/L) AIC AICc  AAICc__ Weight HCs (ng/L))  PNEC (pg/L)
6PPD morality llogis 9 917 + 1881 137 139 0 0.486 29.1 5.81
Inorm 138 140 0.31 0.415 29.8 5.96
weibull 141 143 3.18 0.099 6.47 1.29
gamma 142 144 4.63 0.046 5.72 1.14
model average 24.3 4.87
6PPD growth llogis 7 83.0 £ 512 86 89 0.34 0.297 0.81 0.162
Inorm 86 89 0 0.353 1.00 0.201
weibull 87 90 0.88 0.227 0.22 0.0438
gamma 88 91 2.11 0.123 0.01 0.0028
model average 1.66 0.332
6PPD biochemistry llogis 7 6456 + 1,454,462 98 101 1.30 0.166 1.54 0.309
Inorm 97 100 0.89 0.204 1.56 0.311
weibull 97 100 0.03 0.313 0.88 0.176
gamma 97 100 0 0.318 0.82 0.164
model average 1.76 0.352
6PPD-Q morality llogis 11 20.3£59.5 59 60 0 0.474 0.032 0.00642
Inorm 59 60 0.06 0.460 0.041 0.00816
weibull 63 64 4.18 0.059 0.0031 0.00062
gamma 67 69 8.48 0.007 0.0005 0.0001
model average 0.0559 0.0112
6PPD-Q growth llogis 11 116 + 1180 110 112 0.55 0.372 0.571 0.114
Inorm 110 111 0 0.489 1.377 0.275
weibull 112 114 2.51 0.139 0.338 0.0676
gamma NA NA NA NA NA
model average 0.932 0.186
6PPDQ biochemistry llogis 13 715+ 19,869 146 147 1.52 0.209 0.43 0.086
Inorm 145 146 0.52 0.344 1.654 0.331
weibull 144 146 0 0.447 0.324 0.0648
gamma NA NA NA NA NA
model average 0.804 0.161

NA indicates data not available.

The HQ values of 6PPD for mortality, growth, and
biochemical endpoints were all below the ecological risk
threshold (HQ < 0.05). In contrast, 6PPD-Q exhibited
substantially higher risk potential: the proportions of HQ
values exceeding the threshold (HQ > 0.1) were 87.2%,
51.2%, and 53.8% for mortality, growth, and biochemical
endpoints, respectively, and the proportions exceeding
HQ > 1 were 59.0%, 15.4%, and 15.4% (Table 2).
Considering the order-of-magnitude differences in HQ
values between 6PPD and 6PPD-Q, the combined toxicity
risk at each site is predominantly driven by 6PPD-Q.
Notably, HQ-Mortality reached 883 in surface runoffin the
United States and 183 in river water in Canada. HQ values
in wastewater effluents were generally lower than those in
surface runoff and river water. Overall, both country and
waterbody type influence the HQ values of 6PPD-Q.

For 6PPD, when all concentration data were
incorporated into the analysis, the overall risk probability
(ORP) derived from mortality, growth, and biochemical
endpoints was below the 0.1% risk threshold, indicating that
6PPD poses an acceptable risk to aquatic organisms. In
contrast, the ORPs based on mortality, growth, and
biochemical endpoints for 6PPD-Q were 11.43%, 4.80%, and

6.41%, respectively (Figure S1 and Table S7). Globally, the
ORP values for 6PPD-Q exposure are higher in Europe and
North America than in Asia, consistent with regional
differences in environmental concentrations (Figure 3a and
Table S8). Among water types, the highest risks were
observed in surface runoff, followed by river water, whereas
effluents from wastewater treatment plants exhibited the
lowest risks (Figure 3b and Table S8). Given the substantial
variation in DBQ curve behavior across environmental
settings (Figure 3c,d), we recommend that individual
countries develop watershed-specific regulatory criteria to
avoid both overregulation and insufficient protection.

Due to the current scarcity of global environmental
data for 6PPD and 6PPD-Q, potential regional variability in
toxicity, and inherent limitations of model calculations,
uncertainties in risk assessment remain difficult to
eliminate even when probabilistic approaches are applied.
For example, salmonid species highly sensitive to 6PPD-Q
are relatively rare in the Asia-Pacific region, which may
lead to overestimation of risk in Asian countries. Therefore,
it is necessary to develop localized PNEC values based on
regional species toxicity data. Ideally, toxicity datasets
should include at least eight species spanning different
taxonomic groups. Given the limited availability of such
data, the uncertainty in derived toxicity thresholds may be
considerable. As new toxicity data become available, SSD




curves should be recalibrated, and HCs and PNEC values
updated accordingly. In addition, the selection of assessment
factors (AFs) involves a degree of subjectivity, which can
result in either over- or underestimation of PNEC values. In
addition, several 6PPD-Q transformation products identified
in the freshwater microalga Raphidocelis subcapitata,

including TP270, TP312, TP314, and TP328, have been
reported to exhibit potentially higher toxicity and
environmental risk [51]. Future work should evaluate the
toxicity of the broader suite of 6PPD degradation products to
fully characterize the potential environmental hazards
posed by this class of industrial antioxidants.

Table 2. Hazard quotient (HQ) values of 6PPD-Q in different countries based on mortality, growth, and biochemistry endpoints.

Site Country HQ-Mor HQ-Gro HQ-Bio Site Country HQ-Mor HQ-Gro HQ-Bio
SR1 China 0.13 0.01 0.01 RW1 China 0.21 0.01 0.01
SR2 China 0.10 0.01 0.01 RW2 China 0.15 0.01 0.01
SR3 China 10.89 0.66 0.76 RW3 China 2.74 0.17 0.19
SR4 China 56.79 3.42 3.95 RW4 China 417 0.25 0.29
SR5 China 0.14 0.01 0.01 RW5 China 1.86 0.11 0.13
SR6 Norway 11.57 0.70 0.80 RW6 China 3.96 0.24 0.28
SR7 Germany 24.02 1.45 1.67 RW7 China 3.21 0.19 0.22
SR8 Canada 8.93 0.54 0.62 RW8 China 3.38 0.20 0.24
SR9 America 0.44 0.03 0.03 RW9 China 1.92 0.12 0.13
SR11 America 883.93 53.23 61.49 RW10 China 1.16 0.07 0.08
SR12 America 455.36 27.42 31.68 RW11 China 0.63 0.04 0.04
SR13 America 200.89 12.10 13.98 RW12 China 0.02 0.00 0.00
WE1 China 0.00 0.00 0.00 RW13 China 0.83 0.05 0.06
WE2 China 0.19 0.01 0.01 RW14 Canada 7.75 0.47 0.54
WE3 China 0.00 0.00 0.00 RW15 Canada 180.36 10.86 12.55
WE4 China 0.30 0.02 0.02 RW16 Canada 2.13 0.13 0.15
WES China 0.08 0.00 0.01 RW17 America 1.09 0.07 0.08
WE6 China 0.15 0.01 0.01 RW18 America 7.98 0.48 0.56
WE7 America 0.33 0.02 0.02 RW19 Australia 1.65 0.10 0.11
WES8 Australia 1.85 0.11 0.13

Abbreviations: SR, WE, and RW refer to surface runoff, wastewater effluent, and river water, respectively. HQ-Mor, HQ-Gro, and HQ-
Bio represent hazard quotient values derived from mortality, growth, and biochemistry endpoints, respectively.
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Figure 3. The joint probability curves (a,b) and exceedance probability of DBQ (c,d) of 6PPD-Q based on different
endpoints. In the legend, black solid and dashed lines represent different regional groups (Asia vs. Europe and North
America) or water body types (wastewater effluent, river water, surface runoff), while colored lines denote distinct toxicity
endpoints (biochemistry, growth, mortality). Due to limited concentration data from other continents and non-normal
exposure distributions, risk comparisons were conducted only between Asia and Europe/North America.




This study developed model-averaged species
sensitivity distributions (SSDs) based on published
literature and the U.S. EPA ECOTOX database to derive
toxicity thresholds for 6PPD and 6PPD-Q and to assess
their ecological risks in global surface waters. These
results provide scientific support for establishing global
pollutant thresholds and informing environmental
management. The predicted no-effect concentrations
(PNECs) for 6PPD based on mortality, growth, and
biochemical endpoints were 4.87, 0.332, and 0.352 pg/L,
respectively. For 6PPD-Q, the corresponding PNECs were
0.0112,0.186, and 0.161 pg/L. Potential high-risk regions
were primarily located in Europe and North America, and
exposure risks in surface runoff were substantially higher
than those in river water. Despite the comprehensive
compilation of available data, global exposure
concentrations and species-specific toxicity information
remain incomplete. In addition, the toxicity of other highly
potent transformation products of 6PPD warrants further
investigation. Future work should focus on generating
more environmental monitoring data and constructing
localized SSD curves based on native species to enable
region-specific ecological risk assessments.

The additional data and information can be
downloaded at: https://media.sciltp.com/articles/others/
2601261627012933/GES-25120109-SM-FC1.pdf. Text S1.
R scripts for SSD fitting and probabilistic ecological risk
assessment. Table S1. Levels of 6PPD and 6PPD-Q in
surface runoff around the world. Table S2. Levels of 6PPD
and 6PPD-Q in wastewater treatment plants around the
world. Table S3. Levels of 6PPD and 6PPD-Q in rivers
around the world. Table S4. Compilation of 6PPD and
6PPD-Q concentration (ng/L) data. Table S5. Range of
average 6PPD and 6PPD-Q concentrations in various
water body types across continents. Table S6. Toxicity
data of 6PPD and 6PPD-Q collected from ECOTOX and
published literatures. Table S7. ORP of 6PPD and 6PPD-Q
around the world based on mortality, growth, and
biochemistry. Table S8. ORP of 6PPD-Q based on mortality,
growth, and biochemical endpoints in different regions or
water types. “SR”, “WE”, and “RW” refer to surface runoff,
wastewater effluent, and river water, respectively. Figure
S1. The joint probability curves and exceedance probability
of DBQ of 6PPD and 6PPD-Q based on different endpoints.
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