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A B S T R A C T

Aromatic secondary amines (Ar-SAs), constituted of several analogues with varied substitutions in molecular
structure, are among the most frequently used anthropogenic antioxidants. Despite the reported toxicity effects,
little information is available on their environmental contamination, except for few particular congeners such as
diphenylamine. In this study, the occurrence of two kinds of Ar-SAs, substituted diphenylamines (S-DPAs) and
novel substituted p-phenylenediamines (S-PPDs), was investigated in dust samples collected from outdoor
rubber playgrounds and residential houses. Seven S-DPAs (GM: 102 ng/g) and two S-PPDs (GM: 20.9 ng/g) were
detected in indoor dust. Significantly higher concentrations of S-DPAs (GM: 422 ng/g) and S-PPDs (GM: 31.6 ng/
g) were observed in playground dust (p < 0.05). Different dominant Ar-SA congeners were found for indoor
dust (low molecular weight Ar-SAs) and playground dust (high molecular weight Ar-SAs), indicating varied
sources of Ar-SAs for different dust matrices. Apart from these parent chemicals, three diphenylamine deriva-
tives, including N-nitrosodiphenylamine, 2-nitrodiphenylamine, and 4-nitrodiphenylamine, were also confirmed
in indoor dust (GM: 35.7 ng/g) and playground dust (GM: 7.88 ng/g). A preliminary estimated daily intake
calculation via dust ingestion indicated no immediate health risk to Chinese population. To our knowledge, this
is the first report on the occurrence of a wide range of Ar-SAs and related derivates in dust matrices.

1. Introduction

Aromatic secondary amines (Ar-SAs), an important kind of anthro-
pogenic antioxidants, have a general molecular structure, in which the
ammonia nitrogen is directly bonded to two aryl groups (Drzyzga,
2003). The chemicals are massively used in the manufacture of a
variety of industrial and consumer products, such as plastics, poly-
urethane foams, lubricants, and rubber products, to retard the oxidation
processes caused by oxygen, ozone, heat, and free radicals (Prosser
et al., 2017b). Regarding variation in chemical structures, the most
frequently used Ar-SAs could be categorized as substituted diphenyla-
mines (S-DPAs) and substituted p-phenylenediamines (S-PPDs) (Lu
et al., 2016; Lv, 2010).

Massive application of these chemicals has triggered increasing at-
tention on their potential environmental contamination in recent years
(Lu et al., 2016). Among the limited investigations on S-DPAs, diphe-
nylamine (DPA) received the most concern. DPA is a chemical on the
list of priority pollutants in European Union, showing potential acute
hazard to aquatic organisms and mammal species (Drzyzga, 2003).

Previous study showed that the sister chromatid exchanges increased
following a 48-h influence of DPA on cultured human lymphocytes
(Ardito et al., 1996). Furthermore, oxidative DNA injuries within liver
cells of rats caused by DPA were also reported (Lodovici et al., 1997).
DPA has been detected in the environment, such as water and soil, with
concentrations from parts-per-billion to parts-per-million, which re-
sulted from multiple industrial and household sources as well as vegetal
origins (Drzyzga, 2003). Some DPA derivatives, particularly N-ni-
trosodiphenylamine (N-NO-DPA), also called for special consideration
due to the reported carcinogenic activity (Dodd et al., 2013; Olajos and
Coulston, 1978). The occurrence of N-NO-DPA in wastewater treatment
plants has been noticed (Venkatesan et al., 2014). Apart from DPA,
recent studies showed that some other S-DPA congeners, such as 4,4′-di-
tert-butyldiphenylamine (di-t-butyl-DPA) and 4,4′-bis(1,1-di-
methylbenzyl)diphenylamine (diAMS), were also detected in waste-
water treatment plants, river sediment, and even organisms collected
from Canada (Lu et al., 2016, 2017). In addition, S-DPAs were un-
expectedly found as the primary organic contaminants in European eel
samples, with concentrations up to μg/g wet weight (Suhring et al.,
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2016). As for S-PPDs, although toxicity studies showed that N,N′-di-
phenyl-p-phenylenediamine (DPPD) had reproduction/developmental
toxicity in rats (Matsumoto et al., 2013), their occurrence in environ-
mental matrix is still quite data-poor.

Although China is now one of the world major Ar-SA manufacturers
and consumers, with the S-PPD production volume of 100,000 t in 2009
(Lv, 2010), no information is available on their environmental con-
tamination in China. Considering the extensive application of Ar-SAs as
rubber additives (Drzyzga, 2003), it is essential to check the potential
contamination of Ar-SAs in representative environmental samples in
close association with rubber materials. One of the most valuable ap-
plications of used rubbers is recycling for sidewalks, fitness center
flooring, and playground surface (Llompart et al., 2013). In the United
States, 12% of the scrap tires were applied to sport surface and play-
ground mulch in 2013 (RMA, 2014). As reported, inhalation and in-
gestion of rubber playground dust is an important human exposure
route to various chemical contaminants, such as polycyclic aromatic
hydrocarbons, plasticizers, and synthetic phenolic antioxidants
(Llompart et al., 2013). Thus, dust samples were collected from outdoor
rubber playgrounds. Besides, it is important to check if these emerging
chemical contaminants can be detected in indoor environments, as
people spend most of their time (> 90%) indoors and chemical con-
taminants in indoor dust were reported to significantly affect human
health (Klepeis et al., 2001; Meeker et al., 2013; Peng et al., 2017; Tan
et al., 2017). In this study, indoor dust samples were also collected from
different residential houses. The aim of this present study is to provide
the first perspective on occurrence, residue levels, composition profiles,
and potential sources of these emerging Ar-SAs and related derivatives
in dust matrices.

2. Materials and methods

2.1. Materials

The analyte names, abbreviations, structures and other relevant
data are shown in Fig. 1 and Supporting information (Table S1). Native
standards of S-DPAs, S-PPDs, and DPA derivatives were obtained from
TCI (Tokyo, Japan) and J&K (Beijing, China). Isotope-labeled diphe-
nylamine (DPA-d10) and N-nitrosodiphenylamine (N-NO-DPA-d6) were
from Cambridge Isotope Laboratories (Andover, USA). The purities of
all target analytes were> 95%. HPLC-grade dichloromethane (DCM),
hexane (Hex), and methanol (MeOH) were purchased from J.T. Baker
(Phillipsburg, USA). Ammonium acetate (NH4Ac) was bought from
Dikma (Richmond Hill, Canada). Stock solutions at concentrations of
1000 μg/mL were individually prepared in MeOH, and intermediate
solutions were weekly prepared from the stock solutions by MeOH di-
lution. Alumina (100–200 mesh) supplied by Sinopharm Chemical Re-
agent (Shanghai, China) was activated at 600 °C for 6 h, and 5% water-
deactivated prior to use. Anhydrous sodium sulfate (Na2SO4) was baked
at 600 °C for 6 h. Ultrapure water (H2O, 18.3MΩ×cm) was generated
by a Milli-Q purification system (Billerica, USA).

2.2. Sample collection

Thirty dust samples were collected from different outdoor rubber
playgrounds in March 2016 in Beijing. The average temperature was
17 °C during sample collection. In order to avoid contamination, all the
tools used in the sample collection were pre-cleaned by MeOH. Using
wool paint brush, each dust sample was swept onto aluminum foil from
the rubber ground, sealed in polyethylene zip bag, and brought back to
our laboratory. All the playground dust samples were further sieved by
stainless steel sieves (100 mesh) to remove any rubber debris. Similar
sampling procedures were performed to collect thirty indoor dust
samples from different residential houses. Each dust was a mis-
cellaneous sample collected from surfaces in the living room.
Approximately, a 0.5 g of indoor dust sample was collected from the

surfaces of upholstery, electronic fans, furniture, and windowsills. The
indoor dust samples were also further sieved by stainless steel sieves
(100 mesh) to remove large debris. To prevent cross-contamination, the
sweep brushes, tweezers, and sieves were cleaned between samples by
MeOH and ultrapure water, and then air dried. All the dust samples
were stored in a freezer at −20 °C until pretreatment and instrumental
analysis.

2.3. Sample preparation and instrumental analysis

An accelerated solvent extraction (ASE) method was developed to
extract the targets from dust samples, with alumina chosen for ASE in-
cell cleanup. Briefly, 0.5 g of sample was mixed with 5 g of Na2SO4, and
10 g of alumina was placed at the bottom of ASE cell (34mL) as ad-
sorbent to retain interfering substances in sample matrix. Isotopic-la-
beled DPA-d10 (20 ng) and N-NO-DPA-d6 (10 ng) were spiked as sur-
rogate standards. The mixture was extracted by DCM/Hex =3: 1 at
90 °C and 1500 psi in three static extraction cycles of 10min using an
ASE 350 extractor (Dionex Inc., Sunnyvale, CA). The extracts were
concentrated and solvent exchanged to 1mL of MeOH. The sample was
centrifuged at 5000 rpm for 10min to remove any suspended matters,
and 5 μL of supernatant was finally injected for instrumental analysis.

Quantification of the targets was performed on an Ultimate 3000
ultrahigh performance liquid chromatograph (UHPLC, Thermo Fisher
Scientific Inc., Waltham, USA) interfaced with an API 5500 triple-
quadrupole mass spectrometer (MS/MS, AB SCIEX Inc., Framingham,
USA). An ACQUITY BEH C18 analytical column (2.1× 100mm,
1.7 µm, Waters) was selected for analyte separation. The column tem-
perature was set at 40 °C, and flow rate was 0.4 mL/min. The flow
gradient initiated at a composition of 50: 50 (MeOH/H2O, v/v, both
containing 1mM NH4Ac), held for 2min, linearly switched to 100%
MeOH in 8min, and kept for another 4min. After returning to the in-
itial composition, the column was allowed to re-equilibrate for 3min.
Electrospray ionization was operated in positive mode with a capillary
voltage of 5500 V. Ionization source temperature was set at 450 °C.
Detailed multiple reaction monitoring parameters, such as quantifica-
tion ion transition, declustering potential and collision energy for each
analyte, are presented in Table S2.

2.4. Quality assurance/quality control

Recoveries of the target analytes were in the range of 42–92%
(mean: 68%) for spiked dust samples (20 ng per dust sample, Table S3),
with standard deviations (n= 3) less than 20%. Extraction efficiencies
of the target analytes were checked by a separate fourth extraction and
quantification of 5 randomly selected dust samples. Results showed that
all targets in the fourth extracts were below method quantification
limits (MQLs), suggesting sufficient extraction performance of the de-
veloped in-cell cleanup ASE method. MQLs were defined as the analyte
concentrations corresponding to signal-to-noise (S/N) ratio of 10,
which were in the range of 0.1–5.0 ng/g (Table S3). Matrix effects for
the target analytes were calculated as the percentage of the signal ob-
tained for a given concentration in the dust matrix (20 ng/mL) versus
that obtained for the same concentration in MeOH, which ranged from
65% to 92% for Ar-SAs and related derivatives. One procedural blank
sample (5 g of Na2SO4 and 10 g of alumina) was included in every batch
of eight dust samples to check analyte background levels. All analytes in
the procedural blanks were under their MQLs. The linear dynamic
range of instrumental responses was verified daily by a calibration
curve with concentrations in the range of MQLs – 100 ng/mL. Re-
coveries of DPA-d10 were 77 ± 12% in the real dust samples (n=60),
and those of N-NO-DPA-d10 were 67 ± 15%. The concentrations of N-
NO-DPA in the real dust samples were corrected by N-NO-DPA-d6,
meanwhile the concentrations of the other targets were corrected by
DPA-d10.
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2.5. Statistical analysis

Geometric mean (GM), concentration range, and quantification
frequency were used to describe the results. Statistical analysis was
conducted using SPSS V17.0 for Windows Release (SPSS Inc., 2009),
and significant level was set at p < 0.05. Spearman's test (2-tailed) was
used to assess correlations among the analyte residue levels in dust
samples. Student's t-test was used to determine significance of the
concentration difference between the indoor and playground dust
samples. Nonquantifiable analyte concentrations with S/N < 10 were
set as MQLs divided by the square root of 2. Analytes with quantifica-
tion frequencies< 50% were excluded in the statistical analysis of
residue concentrations in the dust samples. ∑S-DPAs, ∑S-PPDs, ∑Ar-SAs,
and ∑derivatives represent sum of the concentrations of the targets in
each family detected in the dust samples. The composition profiles of
the Ar-SAs are expressed as the percent contributions of individual
analogues to the total concentrations in each dust sample.

3. Results and discussion

3.1. Ar-SAs in rubber playground dust

As shown in Table 1, all the S-DPAs and S-PPDs were detected in the
playground dust samples except for N1-cyclohexyl-N4-phenyl-benzene-
1,4-diamine (CPPD) and dicyclohexylamine (DChA). The concentra-
tions of ∑S-DPAs varied in the range of 19.4–1.07×104 ng/g (GM:
422 ng/g). Meanwhile, the newly identified ∑S-PPDs were also detected
with relatively low concentrations of 0.87–708 ng/g (GM: 31.6 ng/g).
The ubiquitous presence of S-DPAs and S-PPDs in the playground dust

samples led to the concentrations of ∑Ar-SAs in the range of
40.4–1.07×104 ng/g (GM: 508 ng/g). The ubiquitous occurrence of
Ar-SAs in playground dust might imply that rubber playgrounds are a
potential source of these emerging Ar-SA contaminants to the sur-
rounding environment.

3.1.1. S-DPAs
Six S-DPAs were detected in the playground dust samples with in-

dividual concentrations up to 8.07×103 ng/g. Not surprisingly, DPA
was detected in all playground dust samples with concentrations
varying from 2.33 to 32.6 ng/g (GM: 8.02 ng/g). With a similar struc-
ture to DPA, N-phenyl-2-naphthylamine (AO-D) and N-phenyl-1-naph-
thylamine (AO-A) were also pervasively detected in 97% of the dust
samples with concentrations of< MQL – 137 ng/g (GM: 4.79 ng/g)
and< MQL – 299 ng/g (GM: 5.42 ng/g), respectively. High molecular
weight Ar-SAs, including di-t-butyl-DPA, 4,4′-di-n-octylphenylamine
(di-n-octyl-DPA), and diAMS, were also detected in the rubber play-
ground dust samples with relatively high concentrations and quantifi-
cation frequencies. Specifically, di-t-butyl-DPA was detected in 100% of
the rubber playground dust samples with relatively high concentrations
of 3.22–8.07× 103 ng/g (GM: 119 ng/g). Di-n-octyl-DPA (<MQL –
4.59×103 ng/g, GM: 70.2 ng/g) was positively identified in 90% of the
rubber playground dust samples. Meanwhile, the quantification fre-
quency of diAMS was 100%, with residue levels ranged from 3.37 to
290 ng/g (GM: 46.1 ng/g). Different with the ubiquitous detection of
the other S-DPA analogues, DChA, which is not an aromatic chemical
but has similar structure to DPA, was not detected in any of the rubber
playground dust samples. This might imply its limited application in
rubber materials in China. Besides, DChA was predicted to be less

Fig. 1. Chemical structures and abbreviations of target S-DPAs, S-PPDs and DPA derivatives.
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persistent in the environment compared to other analogues (Table S4),
which would also lead to its low concentrations in the environment.

3.1.2. S-PPDs
S-PPD compounds have two secondary amine groups in para-posi-

tions of benzene ring. Although these additives are largely used as
anthropogenic antioxidants in various commercial products such as
rubber, cosmetic, and hair dyes (Moraes et al., 2013), little information
is available on identification and occurrence of S-PPDs in environ-
mental compartments. Limited study showed that DPPD was found in
leachate samples from landfills containing plastic and rubber waste
(Hasegawa and Suzuki, 2005). In the present study, N-1,3-di-
methylbutyl-N′-phenyl-p-phenylenediamine (6PPD) and DPPD could be
positively identified in the rubber playground dust samples, while
CPPD was not detected. The quantification frequencies of 6PPD and
DPPD were 93% and 40%, respectively. The concentrations of 6PPD
varied from< MQL to 685 ng/g, which led to the GM concentration of
30.4 ng/g. It was the dominant analogue, accounting for 62–99% of ∑S-
PPDs (mean: 91%). DPPD, which is a pure aromatic amine, was de-
tected in the rubber playground dust samples with much lower con-
centrations (<MQL – 22.6 ng/g, GM: 1.11 ng/g), which contributed
little to ∑S-PPDs (mean: 9%).

3.2. Ar-SAs in Indoor Dust

Indoor dust is a more important environmental matrix directly re-
lated to human exposure compared with playground dust, as people
spend more than 90% of time in indoor environments (Klepeis et al.,
2001).

3.2.1. S-DPAs
As shown in Table 1, seven S-DPAs (30.2–542 ng/g, GM: 102 ng/g)

were positively detected in the indoor dust samples. Quantification
frequencies of the target S-DPAs in the indoor dust samples were gen-
erally in line with those in the rubber playground dust samples. Dif-
ferent with the rubber playground dust samples, low molecular weight
S-DPAs (DPA, AO-A, and AO-D) were found as the primary congeners in
the indoor dust samples. DPA, AO-A, and AO-D were detected in 100%
of the indoor dust samples, with concentrations of 8.71–129 ng/g (GM:
25.5 ng/g), 4.56–120 ng/g (GM: 14.6 ng/g), and 3.30–170 ng/g (GM:
15.9 ng/g), respectively. Meanwhile, the high molecular weight S-DPAs
[di-t-butyl-DPA (<MQL – 10.7 ng/g, GM: 4.47 ng/g), di-n-octyl-DPA
(<MQL – 78.1 ng/g, GM: 9.03 ng/g), and diAMS (<MQL – 254 ng/g,
GM: 5.12 ng/g)] were also frequently detected in the indoor dust

(73–93%), although the concentrations were relatively low. DChA
(<MQL – 70.7 ng/g, GM: 1.44 ng/g), which was not detected in the
rubber playground dust samples, was only detected in 27% of the in-
vestigated indoor dust samples.

3.2.2. S-PPDs
As for S-PPDs, 6PPD (<MQL – 180 ng/g, GM: 16.4 ng/g) and DPPD

(<MQL – 22.2, GM: 1.79 ng/g) can be detected in 70% and 43% of the
samples, which led ∑S-PPDs in the range of< MQL to 202 ng/g (GM:
20.9 ng/g). Due to the ubiquitous detection of Ar-SAs and S-PPDs in
indoor dust, ∑Ar-SAs were observed ranging from 34.2 to 744 ng/g
(GM: 137 ng/g).

As no data was available on the occurrence of Ar-SAs in indoor dust
before the present study, the concentrations of Ar-SAs detected in in-
door dust were compared with other well-known aromatic con-
taminants reported in indoor dust in China. The concentrations of Ar-
SAs were significantly lower than our previously reported synthetic
phenolic antioxidants in indoor dust (GM: 3.12×103 ng/g, n=55),
which are also among the most frequently used antioxidants in various
industrial and consumer products (Liu et al., 2017).

3.3. Varied concentrations and composition profiles of Ar-SAs

The concentrations of ∑Ar-SAs in the rubber playground dust sam-
ples were significantly higher than those in the indoor dust samples
(p < 0.05), which was mainly due to the much higher concentrations
of di-t-butyl-DPA and di-n-octyl-DPA detected in the rubber playground
dust samples compared with the indoor dust (p < 0.01). The relatively
high concentrations of ∑Ar-SAs in playground dust indicate that rubber
playgrounds might be an important source of these chemical con-
taminants. Ingestion of dust when playing on rubber playgrounds might
act as a potential human exposure pathway to these emerging Ar-SA
contaminants.

As illustrated in Fig. 2, the observed composition profiles of Ar-SAs
varied significantly between the rubber playground dust and indoor
dust samples. In the rubber playground dust samples, high molecular
weight Ar-SAs (di-t-butyl-DPA, di-n-octyl-DPA, diAMS) were the pri-
mary congeners. Specifically, di-t-butyl-DPA was the predominant
analogue in the rubber playground dust samples, which constituted
3–83% (mean: 35%) of ∑Ar-SAs. It was followed by di-n-octyl-DPA
(mean: 26%), diAMS (mean: 19%), and 6PPD (mean: 14%), while the
other low molecular weight analogues (DPA, AO-A, and AO-D) only
accounted for< 5%. Compared to the low molecular weight Ar-SAs,
the significantly higher proportions of these high molecular weight Ar-

Table 1
Descriptive statistics of the measured Ar-SA concentrations (ng/g) and quantification frequencies (%) in different dust matrices.

Compounds Indoor dust Playground dust

Range GMa QFb Range GMa QFb

Substituted diphenylamines (S-DPAs)
DPA 8.71–129 25.5 100 2.33–32.6 8.02 100
DChA < MQL – 70.7 1.44 27 < MQL < MQL 0
AO-A 4.56–120 14.6 100 < MQL – 299 5.42 97
AO-D 3.30–170 15.9 100 < MQL – 137 4.79 97
di-t-butyl-DPA < MQL – 10.7 4.47 93 3.22–8.07× 103 119 100
di-n-octyl-DPA < MQL – 78.1 9.03 90 < MQL – 4.59× 103 70.2 90
diAMS < MQL – 254 5.12 73 3.37–290 46.1 100
∑S-DPAs 30.2–542 102 100 19.4–1.07× 104 422 100
Substituted p-phenylenediamines (S-PPDs)
6PPD < MQL – 180 16.4 70 < MQL – 685 30.4 93
DPPD < MQL – 22.2 1.79 43 < MQL – 22.6 1.11 40
CPPD < MQL < MQL 0 < MQL < MQL 0
∑S-PPDs < MQL – 202 20.9 77 0.87–708 31.6 100
∑Ar-SAs 34.2–744 137 100 40.4–1.07× 104 508 100

a GM: geometric mean.
b QF: quantification frequency.
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SAs in the rubber playground dust samples (p < 0.05) might be due to
their extensive applications in rubber products. As reported, alkylated
DPAs, which have relatively high molecular weights, are the most often
used antioxidants in rubber products (Zhang et al., 2016). Interestingly,
opposite Ar-SA composition profiles were found in the indoor dust
samples that the relatively low molecular weight compounds such as
DPA (22%), 6PPD (19%), AO-D (14%), and AO-A (12%) were the pri-
mary analogues. The high proportions of low molecular weight con-
geners, particularly for DPA, in indoor dust might be due to the specific
application in consumer products in indoor environments. For example,
DPA is used as a stabilizer in perfume with content up to 0.1%
(European Union, 2008). Besides, DPA is also widely employed on
apples and pears to prevent the superficial scald during storage
(Robatscher et al., 2012). Thus, apples and pears with DPA on the
surface might act as a source of DPA in indoor environments. Correla-
tion analysis found significant relationships within the low molecular
weight Ar-SAs (DPA, AO-A, and AO-D) and high molecular weight Ar-
SAs (di-t-butyl-DPA, di-n-octyl-DPA, diAMS) in the indoor dust
(p < 0.05, Table S5). However, no significant correlation was found
between most of the low molecular weight congeners and high mole-
cular weight congeners. For example, di-t-butyl-DPA was not sig-
nificantly related to DPA, AO-A, or AO-D (p > 0.05). The correlation
analysis supports the idea that the low molecular weight congeners and
high molecular weight congeners might have different sources in indoor
environments.

3.4. DPA derivatives in different dust matrices

Due to the imine hydrogen atom, which can be easily electro-
phonically replaced, DPA is a reactive compound. The reaction of DPA
with nitric compounds in the environment leads rapidly to N-NO-DPA,
which is followed by complete nitration to various nitrodiphenylamines
(Drzyzga, 2003; Zhao et al., 2008). Toxicology study showed that N-
NO-DPA could lead to bladder cancer in rats at very low concentrations,
and quantitative estimate of carcinogenic risk for rats from oral ex-
posure was 4.9 μg/kg-day (Dodd et al., 2013). Currently, N-NO-DPA is
included in Contaminant Candidate List 3 (CCL3) by U.S. Environ-
mental Protection Agency (EPA, 2012). Besides formation from DPA
transformation processes, N-NO-DPA was also reported in China re-
sulting from a possible application as a retarding agent to prevent
premature vulcanization of rubber products (Dodd et al., 2013). As
shown in Table 2, N-NO-DPA was only identified in 10% of the rubber
playground dust samples (<MQLs – 10.5 ng/g, GM: 1.29 ng/g), which
might indicate its limited application in rubber products in China. It
was merely detected in 20% of the indoor dust samples with con-
centrations of< MQLs – 12.0 ng/g (GM: 1.58 ng/g) as well. In addi-
tion, two other DPA nitration derivatives were also identified. 2-Ni-
trodiphenylamine (2-NO2-DPA) and 4-nitrodiphenylamine (4-NO2-
DPA) are used in different dispersion colors and are components of
several azo dyes (Burkinshaw and Lu, 1993). Besides used as com-
mercial products, these two compounds could also be generated from
the nitration transformation process of DPA (Drzyzga, 2003; Mattheis
and Rudell, 2008). In the present study, 2-NO2-DPA was positively
identified in 93% and 73% of the indoor dust and rubber playground
dust samples, respectively. Its concentrations were< MQL – 51.7 ng/g
(GM: 7.12 ng/g) and< MQL – 5.80 ng/g (GM: 0.69 ng/g) for the in-
door dust and rubber playground dust samples, respectively. Mean-
while, 4-NO2-DPA was detected with much higher concentrations than
2-NO2-DPA in the indoor dust (<MQL – 188 ng/g, GM: 17.1 ng/g) and
rubber playground dust samples (<MQL – 16.3 ng/g, GM: 4.19 ng/g)
(p < 0.05). 4-NO2-DPA showed much higher concentrations than 2-
NO2-DPA in different environmental matrices, which might be due to
high reactivity in para-position of DPA. Previous study showed that 4-
NO2-DPA (1mg/L) had much lower EC50 to Vibrio fischeri compared
with 2-NO2-DPA (7.7mg/L) (Drzyzga et al., 1995). Another methoxyl
derivative, 4-methoxy-N-phenylaniline (4-MeO-DPA) was not found in
any of the playground dust or indoor dust samples. Correlation analysis
found significantly positive relationships among 2-NO2-DPA, 4-NO2-
DPA, and DPA in both rubber playground dust and indoor dust
(p < 0.05), indicating their similar source and/or environmental fate.

3.5. Human exposure via dust ingestion

Estimated daily intake (EDI) was calculated according to the
equation shown below:

= ×EDI C DIR/BW

Fig. 2. Distinct composition profiles of individual Ar-SA analogues in play-
ground dust and indoor dust samples.

Table 2
Descriptive statistics of the measured concentrations of DPA derivatives (ng/g)
and quantification frequencies (%) in different dust matrices.

Compounds Indoor dust Playground dust

Range GMa QFb Range GMa QFb

N-NO-DPA < MQL – 12.0 1.58 20 < MQL – 10.5 1.29 10
2-NO2-DPA < MQL – 51.7 7.12 93 < MQL – 5.80 0.69 73
4-NO2-DPA < MQL –188 17.1 90 < MQL – 16.3 4.19 93
4-MeO-DPA < MQL < MQL 0 < MQL < MQL 0
∑derivatives < MQL – 241 35.7 97 < MQL – 22.7 7.88 100

a GM: geometric mean.
b QF: quantification frequency.
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Where “C” is the concentration of target analyte, “DIR” is the dust in-
gestion rate (g/day), “BW” is the body weight (kg). The body weights
for children and adults are 28 and 63 kg (CNPMC, 2012), respectively,
and “DIR” of 0.06 and 0.03 g/d were used, as suggested by U.S. EPA
(EPA, 2011). Based on GM concentrations, the EDIs of ∑Ar-SAs via in-
door dust ingestion were 0.29 and 0.07 ng/kg BW/day for children and
adults, respectively (Table 3). The worst-case EDIs were calculated
based on the 95th percentile concentrations, which were 0.74 and
0.16 ng/kg BW/day for children and adults, respectively. For children,
the EDIs via ingestion of playground dust were also calculated. In this
case, “DIR” of 0.105 g/d was used according to previous study (EPA,
2017). Much higher EDIs via ingestion of playground dust were ob-
served for children based on GM (1.91 ng/kg BW/day) and 95th con-
centrations (37.6 ng/kg BW/day), suggesting ingestion of rubber play-
ground dust is an important children exposure route to these chemical
contaminants. Among the target Ar-SAs, the acceptable daily intake of
DPA (0.02mg/kg BW/day) has been established by FAO/WHO joint
committee (EPA, 1998), which is 2–4 order of magnitudes higher than
the EDIs of ∑Ar-SAs via dust ingestion. The results imply that human
exposure to Ar-SAs via dust ingestion might not cause an immediate
health risk to the Chinese population. Nevertheless, it should be noted
that, although the ADIs of the other Ar-SAs are not available, human
exposure to these chemicals still need further concern. For example,
AO-A and 6PPD, which have comparable concentrations to DPA in this
study, are substances of very high concern in the Europe Union (ECHA,
2018a, 2018b). In addition, compared with DPA, AO-A and 6PPD were
observed to have more obvious toxicity effects on organisms, such as
fish and freshwater mussel, in recent studies (Prosser et al., 2017a,
2017b).

4. Conclusions

The present investigation describes the ubiquitous occurrence of
emerging Ar-SA contaminants in various dust matrices for the first time.
Seven S-DPAs, two S-PPDs, and three DPA derivatives were detected in
the dust samples collected from rubber playgrounds and residential
houses. The concentrations of ∑Ar-SAs in the rubber playground dust
samples (GM: 508 ng/g) were significantly higher than those in the
indoor dust (GM: 137 ng/g). Besides, significantly different Ar-SA
composition profiles were found between the rubber playground dust
and indoor dust samples, suggesting the varied sources of these che-
mical contaminants in different environments. Apart from the above
parent chemicals, three DPA derivatives (N-NO-DPA, 2-NO2-DPA, and

2-NO2-DPA) were also widely identified in the rubber playground and
indoor dust samples. Further studies are warranted to investigate the
toxicity effects and environmental behaviors of these emerging Ar-SA
contaminants.
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