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Abstract

Resorcinol bis-(diphenylphosphate) (RDP) is an organophosphorus flame retardant widely used in
electric and electronic equipment. It has been detected in house dust of several European countries
according to recent literature. Similar to other flame retardants, RDP formulations and products treated
with RDP, such as plastics, can contain RDP impurities, byproducts and breakdown products. In this
study, we use screening methods based on wide scope solvent extraction and high resolution time-of-
flight mass spectrometry for the identification of RDP related compounds in products and in dust. We
analyzed both plastics from electrical/electronic equipment that contained RDP and indoor dust
collected on and around surfaces of this equipment. A variety of compounds, namely TPHP,
hydroxylated TPHP and RDP (meta-HO-TPHP and meta-HO-RDP), dihydroxylated TPHP, RDP with the loss
of a phenyl group (RDP-[Phe]) and RDP oligomers were detected in plastics containing high levels of
RDP. Regarding dust samples collected on electronics, TPHP meta-HO-TPHP, meta-HO-RDP, RDP-[Phe]
and RDP oligomers were detected. High concentrations of meta-HO-TPHP (20-14,227 ng/g), TPHP (222-
50,728 ng/g) and RDP (23-29,118 ng/g) were found in many of the dust samples, so that these
compounds seem to easily migrate into the environment. These RDP impurities, byproducts and
breakdown products are for the first time reported in indoor dust. Meta-HO-TPHP could be relevant for

future biomonitoring studies concerning flame retardants.

Keywords: flame retardants; screening; RDP; triphenyl phosphate; dust; plastics; transformation

products
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Introduction

Flame retardants (FRs) have been added since the 1960s to a variety of materials (electronic equipment,
textile, furniture, etc.) in order to prevent quick combustion and to delay the spread of fire." After the
phase-out of the toxic and persistent polybrominated diphenyl ethers (PBDEs), organophosphorus flame
retardants (PFRs) have been increasingly used as suitable alternatives.” However, concern about their
widespread presence and potential toxicity has also increased in the last years.? Resorcinol bis-(diphenyl
phosphate) (RDP or PBDPP; CAS no. 125997-21-9) is a PFR used mainly in polymers of poly(p-phenylene)
oxide (PPO)/ high impact polystyrene (HIPS) and of polycarbonate (PC)/ acrylonitrile butadiene styrene
(ABS).* RDP is considered a suitable replacement for DecaBDE in electronic equipment.”® The presence
of RDP in environmental samples or in products has been scarcely reported,®® although the first results
indicate that RDP is widespread in indoor dust and that electric/electronic equipment, such as
televisions, printers and power boards, is an important source in the indoor environment. High
concentrations of RDP were found in dust collected on electronic equipment (<0.04-520 pg/g) from the
Netherlands, Greece and Sweden.? The human toxicity of RDP is considered low to moderate according
to a recent EPA report.* However, the aquatic toxicity of RDP is considered high (Daphnia magna 48-
hour ECsy = 0.7 mg/L) and the persistence and bioaccumulation potential are medium and high,
repectively.® Lower persistence values (due to rapid primary biodegradation) have been also reported
for RDP in a recent study.’ Aquatic toxicity could partly be due to the presence of more polar impurities
in RDP formulations (e.g. triphenyl phosphate, TPHP; typically 1-5 % w/w) and breakdown products

(phenol, resorcinol).™

In the last years, new FRs have been identified for the first time in products and or in environmental
samples, e.g. 2,2-bis(chloromethyl)propane-1,3-diyl-tetrakis(2-chloroethyl)bis(phosphate), known
commercially as “v6” *1? or a triazine-based flame retardant [2,4,6-tris(2,4,6-tribromophenoxy)-1,3,5-

triazine, TTBP-TAZ]." High resolution mass spectrometry plays an important role for the identification of

ACS Paragon Plus Environment



62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

Environmental Science & Technology

new contaminants (such as FRs) and their transformation products or impurities,. Not only FRs, but also
new byproducts, impurities or degradation products have been very recently reported in environmental
samples, such as those derived from tetrabromobisphenol A or tetrabromobisphenol S.**** The
persistency and toxicity of these impurities or related compounds, as well as their presence in the

environment, is still largely unknown.

RDP impurities were recently identified in technical mixtures of RDP™**®

, e.g. meta-hydroxy-triphenyl
phosphate (meta-HO-TPHP) and hydroxyl-RDP. Together with TPHP, these impurities of RDP could also
influence the total toxicity of RDP formulations. To the best of our knowledge, the presence of these
impurities in environmental samples, such as indoor dust, has not yet been reported. In this study, we
first investigate the presence of RDP impurities in plastics from electrical/electronic equipment in order
to give a complete picture of RDP related compounds in the final processed product. The identified
impurities were afterwards screened in indoor dust collected on electronics in order to study the
possible migration of these compounds from the products into the environment. Suitable wide-

screening methods based on solvent extraction and high-resolution time-of-flight-mass spectrometry

(TOF-MS) were employed for both plastics and indoor dust.

Experimental section

Chemicals and reagents

All solvents and reagents were of analytical grade and used as supplied. Acetone and methanol
(MeOH) were from J.T. Baker® (Center Valley, USA). Tetrahydrofuran (THF) was acquired from Biosolve
(Valkenswaard, The Netherlands). Dichloromethane (DCM, Picograde) and acetonitrile were obtained

from Promochem® (Wesel, Germany) and toluene came from Fisher Scientific (Loughborough, UK). Milli-
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Q water was obtained from ultrapure water purification Q-Pod system (Millipore, Bedford, USA). For
sample treatment, micro-centrifuge filters (0.2 um, nylon) from Costar Spin-X obtained from Sigma-
Aldrich were used for removing micro-particles from plastic sample extracts when necessary.
Ammonium acetate was obtained from Sigma-Aldrich. TPHP and TPHP-d;s were supplied by Sigma-
Aldrich Chemie B.V. (Zwijndrecht, the Netherlands). Deuterated tri-n-butyl phosphate (TnBP-d,;) was
obtained from Cambridge Isotope Laboratories, Inc. (Andover, MA, USA). RDP or PBDPP (Fyrolflex RDP,
technical grade, 95.5% purity) was obtained from ICL (Amsterdam, the Netherlands). Meta-HO-TPHP
was synthesized by the Organic Chemistry Synthesis Group from Duke University (NC, USA) and kindly
donated by prof. Heather Stapleton (Duke University). The dust reference material SRM 2585 (organic
contaminants in house dust) was obtained from the National Institute of Standards and Technology
(NIST) and was employed for method validation. Information about this reference material can be found

at NIST website ( https://www-s.nist.gov/srmors/, access December 2016)

Apparatus and data processing

A microTOF Il with resolution >16,500 FWHM was used as detector and equipped with an LC-APCI |I,
direct probe-APCl or an LC-electrospray ionization (ESI)-ion booster source (Bruker Daltonics, Bremen,
Germany). For LC, an InertSustain C18 (3 um particle size, 10 mm length) precolumn and an InertSustain
C18 (3 um particle size, 2.1 mm i.d., 100 mm length) column were used as stationary phase (GL Sciences,
Eindhoven, The Netherlands). For the mobile phase, Milli-Q water and MeOH were used in the following
gradient: 50% MeOH (v/v) for 2 min, a linear gradient to 93% MeOH (v/v) in 25 min followed by 98%
MeOH (v/v) for 10 min. The flow was 0.3 mL/min, the column temperature was set at 30 °C and the
injection volume was 5 pL. For internal calibration, an APCI-LC low concentration solution tuning mix

from Agilent Technologies was used. The optimized TOF-MS parameters for the analysis of RDP and RDP
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impurities by LC-(APCI)TOF-MS are given in Table S-1 of Supporting Information (Sl). The instrumental

detection limits were 1 ng mL™ for meta-HO-TPHP and for TPHP and 0.5 ng mL™ for RDP.

The software data analysis 4.0 and compass quant analysis from Bruker Daltonics were used for data
processing (confirmation and quantification). MS internal calibration in each run was performed by
infusing the calibration solution into the source within the first half a minute of the chromatogram by
using a syringe pump (as designed by the supplier of the instrument). The internal calibration was
performed by enhanced quadratic mode, with values <5 ppm considered acceptable. Compounds were
identified on the basis of mass accuracy and of mSigma values, that is the match factor between the
measured isotopic pattern and the theoretical pattern for a given formula. Values below 5 ppm of mass
error and below 100 of mSigma were considered acceptable for positive confirmation (mSigma <100
acceptable, <50 good and <25 excellent, as specified by the supplier of the Instrument and the software

Bruker Daltonics).

Sample collection and preparation

Electrical/electronic devices (n=25) were analyzed, such as printers, routers, electrical adaptors, USB
phone chargers, etc. They were bought in supermarkets in the Netherlands in 2015 (n=10) or collected
in Dutch houses and offices (n=15). These samples were screened by a fast ambient mass spectrometry
method™ and ten samples containing RDP (five collected in houses and offices and other five bought in
2015) were further investigated for this study. Aliquots of 25 mg were extracted with 5 or 50 mL of a
mixture MeOH:THF (50:50, v/v) for screening and quantitation purposes, respectively. Samples were
sonicated (60 min) and stirred (tube lateral shaker at 200 Mot min™) for 24 h. Extracts were ultra-
centrifuged (10,000 g, 5 min), then diluted 1:1, 1:10 or 1:100 with MeOH and ultra-centrifuged again

(10,000 g, 5 min) to precipitate possible solids. The internal standard was added at the dilution step to a
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final concentration after dilution of 250 ng mL™ of TPHP-d;s. Aliquots of 5 uL were further analyzed by

LC-(ESI/APCI)MS.

House dust samples (n=30), were collected in different houses and offices in the Netherlands in 2015
directly from the electronic equipment (e.g. televisions, computers, routers, printers or game consoles)
that was present in each house/office and from the tables and sideboards around the equipment. Dust
was collected using a DustreamTM dust collector (Indoor Biotechnologies Ltd., Wiltshire, United
Kingdom) attached to the end of the vacuum cleaner hose. The mesh size of the filter used inside the
dust collector was 40 um and samples were not further sieved. Dust samples (~30 mg) were weighed in
10 mL glass tubes and spiked with internal standards (TPHP-d;s and TnBP-d,; 50 ng each). Then, 2 mL of
2 M ammonium acetate and 2 mL of acetonitrile were added, vortex-mixed for 2 min and ultra-
centrifuged (2000 g, 5 min). After the phase-separation by salting-out with ammonium acetate, the
acetonitrile layer was separated and transferred into a glass tube. The liquid-liquid extraction was done
3 times and all supernatants (~6 mL of acetonitrile) were combined and evaporated to near dryness (N,,
40 °C). The extracts were reconstituted in 200 pL of methanol, vortexed for 30 s, ultracentrifuged 10,000
g, 5 min) and transferred into a vial for analysis. Aliquots of 5 puL were further analyzed by LC-

(ESI/APCI)MS.

The sample extracts were analyzed in both APCI and ESI (ion booster) and in positive and negative
modes for screening purposes. The ESI (ion booster) source counts with an additional soft voltage and a
vaporizer temperature for enhancing the ionization and for covering in this way a wider polarity range of
compounds than a standard ESI source. For quantitation of TPHP, meta-HO-TPHP and RDP, samples
were run in APCI(+) by monitoring [M+H]" as major ion. Calibration standards were prepared in
methanol with concentrations in the range 1-5,000 ng/mL each containing 50 ng of the ISs (TPHP-d;5 and

TnBP-d,;). TPHP-d5 was used as internal standard for the quantitation of meta-HO-TPHP, TPHP and RDP
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in plastics. For the analysis of dust, TPHP-d,s was used as IS of TPHP and TnBP-d,; was used for meta-HO-
TPHP and RDP in dust instead. The analytical figures of the quantitation method (m/z of the monitored
ion, retention times and detection and quantitation limits) are given in Table S2. All the lab material was
washed with methanol two times before use to prevent possible contamination. Procedural blanks (n=3)
were run within each batch of samples and did not contain detectable levels of the target compounds
(probably due to the relatively high instrumental LODs of the full scan MS detector and the simplicity of

the method).

Results and discussion

Extraction step for the screening/quantitation of RDP and RDP impurities

Wide-scope extraction methods were investigated based on solvent extraction without further clean-up
for preventing losses of compounds that could be of interest in the screening step. According to
previous results,'® mixtures of THF and MeOH are a suitable option for the extraction of a wide polarity
range of plastic additives, including RDP and TPHP, and are compatible with the LC analysis. Plastic
aliquots were extracted with 5 or 50 mL of THF:MeOH (50:50, v/v) for screening and quantitation
purposes, respectively. The extraction method (with 50 mL THF:MeOH 50:50, v/v) was validated for the
extraction of RDP, by analyzing a polymer material made of polycarbonate (PC)/acrylonitrile butadiene
styrene (ABS) (70/30) that contained RDP at 20% (w/w). This material was prepared and validated for
the European ENFIRO project. Recoveries were of 99+10% (n=3). Matrix effects in plastics extracts were
acceptable in both ESI (recoveries of IS in the range 75-130%) and APCI (recoveries of IS in the range 85-
120%) modes with relative standard deviations below 12%. Method detection limits for plastics were
0.0005 w/w for meta-HO-TPHP and for TPHP and 0.00025 w/w for RDP. Method quantitation limits were

0.001 w/w for meta-HO-TPHP and for TPHP and 0.0005 w/w for RDP.
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The use of a salting-out extraction with acetonitrile for RDP and related compounds was previously
investigated by our research group for the in vitro metabolism of RDP with microsomal preparations.*®
The method was successful for the extraction of a variety of RDP and RDP impurities and metabolites
(yielding good apparent recoveries for all of them) and the simultaneous clean-up of the main matrix
components (e.g. proteins and buffer) resulting in clear extracts.® We validated the same method for
the analysis of the dust samples with LC-APCI(+)-TOF-MS analysis. The use of the mixture
water:acetonitrilezammonium acetate instead of only acetonitrile prevented the co-extraction of dust
particles and of polar compounds that could interfere at the beginning of the LC chromatogram. The
total recoveries of the target compounds (meta-HO-TPHP, TPHP and RDP) were assessed by spiking the
dust certified reference material SRM 2585 (30 mg) at two concentration levels of 200 and 15,000 ng/g.
Dust samples were spiked with 20-50 uL of standards solutions and of internal standards in methanol
and allowed to stand for around 6 h before extraction. In this way, the solvent was evaporated and we
could mimic as much as possible the interaction of the compounds with the dust matrix. The true
recoveries of the target compounds were estimated to be around 100% by assessing matrix effects in
dust extracts that were spiked after extraction (with the target compounds and ISs at the same levels
used for the calculation of the total method recoveries) and compared with equally spiked procedural
blanks. Differently from the analysis of plastics, the use of APCl instead of ESI, drastically reduced matrix
effects (recoveries without IS correction were below ~20% for ESI). Table 1 shows the validation results.
TnBP-d,; was a more suitable IS for meta-HO-TPHP and RDP, than TPHP-d;s since the latter suffered
from enhanced matrix effects (recoveries of 198 and 171%, respectively) due to a higher co-elution of
matrix components in the elution window of TPHP. The same trend was observed in all dust samples
(recoveries of TPHP-dys in the range 130-200%, average 165%) in contrast to the recoveries of TnBP-d,;

(range of 93-128%, average 109%). Method detection limits for dust were 10 ng g' for meta-HO-TPHP
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and for TPHP and 5 ng g for RDP. Method quantitation limits for dust were 20 ng g™ for meta-HO-TPHP

and for TPHP and 10 ng g™ for RDP.

The concentration of TPHP in the SRM 2585 was calculated as 1070+50 ng g”. These values are in
accordance with the values of TPHP previously reported by other authors in this material (99070 ng/g

20.1,100+100 ng/g ™).

Table 1. Total method recoveries of meta-HO-TPHP, TPHP and RDP

meta-HO-TPHP TPHP RDP
TPHP-d;s %67+1 310245 °84+8
b67+2 103+2 5544

TnBP-d,; 2100+6 - 2103+1
®104+2 b92+1

Without IS 411445 #198+10 #118+10
®103+1 17141 °92+1

Spiked at 200 ng/g; bspiked at 15,000 ng/g; averagetstandard deviation (n=3) are shown;
Optimal conditions used for quantitation of the samples are shown in bold

Screening of RDP and RDP impurities in plastics and in indoor dust collected on electronics

Samples were run in ESI and APCI and in negative and positive modes for the screening of RDP-related
compounds. A detailed list of the compounds related to RDP and identified in plastics and in dust is
given in Table 2. A variety of RDP-related products, such as meta-HO-TPHP and RDP with the loss of a
phenyl ring (RDP-[Phe]) were observed in the samples. The impurity or related product of lowest relative
abundance, namely di-HO-TPHP, was only observed in plastics and not in dust. Regarding the RDP
oligomers, the dimer and the trimer were detected in the samples with high levels of RDP (above 0.03%
w/w in plastics and at levels of >3,000 ng/g in dust). For all hydroxylated compounds, only one isomer
was observed. For the monohydroxylated TPHP and RDP, meta- is the most probable position for the —
HO group in accordance with the RDP structure. This was confirmed for meta-HO-TPHP by matching the

10
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retention time and spectra with those of the authentic standard. The only exception was HO-RDP in dust
(not in plastics), that showed two isomers, one around 5-20 times more intense than the other. The
most intense isomer in dust is most probably meta-HO-RDP taking into account that the retention time
matched that of the HO-RDP isomer identified in plastics. This finding could suggest some biological or
chemical degradation of RDP to other HO-isomer, such as para-HO-RDP. Para-HO-RDP was identified in
our previous study as metabolite of RDP'® and, as observed in the analysis of dust in this study, it eluted
earlier than the meta-isomer in the LC chromatogram. Diphenyl phosphate (DPHP), was also observed in
all the plastics that contained RDP, but it was not further investigated since it is not an specific
compound deriving only from RDP, e.g. it could come also from a variety of arylphosphates, such as

TPHP itself, 2-ethylhexyl diphenyl phosphate (EHDPHP) and bisphenol-A bis(diphenyl phosphate) (BDP).

11
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225 Table 2. RDP related products identified in plastics and in dust collected on and around electronics

Compound Molecular Structure Observed ions Detection in plastic
Formula samples containing
RDP?and in dust
samplesh
Dihydroxy-triphenyl C18H1506P O\VOQC’” LC-ESI: [M-H]- 3/10°
phosphate (di-HO-TPHP)* ©/ {7 o LC-APCI: [M-H]- 0/30b
Meta-hydroxy-triphenyl C18H1505P O\P,,OQ LC-ESI: [M-H]-, [M+Na]+, 10/10°
phosphate (meta-HO- DFCaa: LC-APCI: [M-H]-, 25/30°
TPHP) [M+H]+,[M+CH30OH+H]+
Triphenyl phosphate C18H1504P ol /@ LC-ESI: [M+H]+, [M+Na]+, 10/10°
(TPHP) SR LC-APCI: [M+H]+, 30/30°
@ [M+CH30H+H]+
Resorcinol bis(diphenyl C24H2008P2 off /@ % on LC-ESI: [M-H]- 5/10°
phosphate) with a loss of ©/ { % 8/30°
a phenyl group @ @
(RDP-[Phe])
Hydroxy-Resorcinol C30H2409P2 %’i’)@ O\\Vo@on LC-ESI: [M-H]-, [M+Na]+, 6/10°
bis(diphenyl phosphate)® ©/ {° e LC-APCI: [M-H]-, [M+H]+, 5/30°
(HO-RDP) [M+CH30H+H]+,
Resorcinol bis(diphenyl C30H2408P2 o f /@ f:\\P,D@ LC-ESI: [M-H]-, [M+Nal+ 10/10
phosphate) (RDP) T s, LC-APCI: [M+H]+, 25/30°
[M+CH30H+H]+,
RDP dimer [RDP(n2)] C42H33012P3 O e O LC-ESI: [M+Na]+, 4/10
b d b [M+CH3CNNH3+H]" 8/30

LC-APCI: [M+H]+

RDP trimer [RDP(n3)] C54H42016P4 St I e LC-ESI: [M+Nal+, 2/10
©/© ®©© @0 [M+CH3CNNH;+H]* 3/30°
LC-APCI: [M+H]+

226 *Plastics; "Dust; The position of the —OH groups is unknown; *The most probable position is meta- as a breakdown

227 product of RDP

228 Quantitation of RDP, TPHP and meta-HO-TPHP in plastics and indoor dust collected on electronics

229 Although samples were screened by LC with ESI(+/-) and APCI (+/-) sources as indicated in Table 2,
230  APCI(+)was used for quantitation of TPHP, meta-HO-TPHP and RDP by monitoring [M+H]" as major ion
231  with a m/z window of +0.025 to achieve enough selectivity. APCI provided lower matrix effects and
232 higher dynamic linear ranges in comparison with ESI. Meta-HO-TPHP could be also monitored by APCI(-)

233 as [M-H]’, with the negative mode more selective in terms of matrix background noise. However, APCI(+)

12
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was selected for quantitation of meta-HO-TPHP, since it provided around 5-fold better detection limits.
Meta-HO-TPHP, TPHP and RDP were all present at quantifiable levels in the selected plastics that
contained RDP (as shown in Table 3, Table S2 and Figure S2). However, only two samples contained high
concentrations of RDP (11.6 and 12.8 %, w/w), while the other plastics contained RDP only at trace
levels (0.001-0.08 %, w/w). The presence of different PFRs and FRs at low levels in the same product was
reported before by our research group and could be due recycling or to cross-contamination during

processing.’

The concentrations of TPHP and meta-HO-TPHP varied highly among different products (Table S3). The
levels of these impurities were similar to those expected in RDP formulations in plastics containing the
highest concentrations of RDP (e.g. TPHP was ~3.0 %, w/w and meta-HO-TPHP was 0.5%, w/w in the
RDP formulation used in this study). Contrarily, they were very different in those containing trace levels
of RDP. In these samples, TPHP was sometimes even at higher concentration levels than RDP itself. This
could be due to cross-contamination (processing, recycling) from plastics that contained TPHP which
was not related from RDP formulations. In any case, and despite the limited number of samples, the
levels of meta-HO-TPHP and RDP and of TPHP and RDP in plastics containing RDP were highly correlated
[Pearson correlation coefficient for meta-HO-TPHP and RDP (log data) 0.9577 with p-value 0.003 and
Spearman correlation coefficient 0.9710 with p-value 0.001; n=6; Pearson correlation coefficient for
TPHP and RDP (log data) 0.9396 with p-value 0.0005 and Spearman correlation coefficient 0.9940 with

p-value <0.0005; n=71].
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Table 3. Levels of meta-HO-TPHP, TPHP and RDP in plastics and in dust

Sampling site meta-HO-TPHP TPHP RDP
In plastics containing 0.01% 0.003-0.4": 0.05% 0.007-0.3" 0.03% 0.001-12.8":
RDP (n=10), % w/w (n=10)° (n=10)° (n=10)°
Dust, on and around 86°; 20-14,227"; 3,721% 222-50,728"  431°% 23-29,118"
electronics (n=30), ng/g (n=25)° (n=30)° (n=27)°

*Median, brange; ‘number of positive samples (above LOD). Detailed information of the levels found in plastics and in dust can be
found in Tables S3 and S4 ; % w/w means percentage in weight

Regarding the analysis of 30 dust samples, the compounds TPHP (n=30), RDP (n=27), meta-HO-TPHP
(n=25), RDP-[Phe] (n=8) and meta-HO-RDP (n=5) (see Table 2). For meta-HO-TPHP, RDP and TPHP
concentrations are given in Tables 3 and S4. The median values were 86, 431 and 3,721 ng/g,
respectively. Despite the general lower levels of meta-HO-TPHP in dust in comparison with RDP and
TPHP, the maximum values also reached the ug/g range. The concentrations measured in dust for the
three compounds (222-50,728 ng/g for TPHP, 23-29,118 ng/g for RDP and 20-14,227 for meta-HO-TPHP)
are in agreement with those previously reported for RDP and TPHP and also for other FRs in samples

collected on/around electronics.®*

The presence of TPHP in samples that did not contain RDP could be due to the use of TPHP in many
other FR and plasticizer formulations that do not contain RDP. In fact, only a moderate positive
correlation was found between the levels of TPHP and RDP in dust [Pearson correlation coefficient (log
data) 0.5356 with p-value 0.004; Spearman correlation coefficient 0.5012 with p-value 0.008; n=27, see
Figure 1)]. In contrast, meta-HO-TPHP was only present in those dust samples containing RDP, and the
concentrations of both compounds were very strongly correlated [Pearson correlation coefficient (log

data) 0.9479 with p-value <0.0001; Spearman correlation coefficient 0.9113 with p-value <0.0001;
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n=25, see Figure 1]. On the basis of these results, meta-HO-TPHP could be a suitable marker/tracer for

the assessment of the exposure to RPD in future biomonitoring studies.
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Figure 1. Correlation between the levels of TPHP and RDP (n=27) and between meta-HO-TPHP and RDP
(n=25) in dust collected on/around electronics.

The concentrations of meta-HO-TPHP in dust were much higher than those that could be expected
taking into account that it is only a minor impurity in RDP commercial formulations. So, the ratio of RDP
(ng/g)/meta-HO-RDP (ng/g) in dust was in the range 0.7-11 (median= 4). In contrast, the ratio of RDP
(w/w)/meta-HO-RDP (w/w) in the RDP formulation used in this study was much higher with a value of
~196 (corresponding to 0.5% w/w meta-HO-TPHP and 96% w/w RDP). The higher polarity and smaller
molecular weight of meta-HO-TPHP could lead to an easier migration of this compound than RDP into

the dust or possibly a chemical or biological hydrolysis of RDP could have taken place.
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The levels of RDP-[Phe] and meta-HO-RDP in comparison with those of meta-HO-TPHP in the same dust
samples (and under the same ionization mode) were similar and 10-100 smaller, respectively. Figure S1
shows the extracted ion chromatograms of the target compounds in a dust sample extract. The lower
detection frequency of RDP-[Phe] in dust could be due to higher detection limits for this compound in
LC-ESI(-). The presence of matrix effects and higher background noise in ESI mode could have hampered
the detection of RDP-[Phe] in dust at low levels. The future availability of true standards for RDP-[Phe]

and meta-HO-RDP is highly desirable for a better assessment of the presence of these impurities.

Although we only investigated a limited number of samples, these results suggest that RDP and RDP
impurities are commonly present in flame-retarded plastics from electric/electronic equipment
(detected in 10 of 25 samples). Impurities seem to be present in plastics not only as a result of RDP used
as main FR, but they are also present in plastics with trace levels of RDP, maybe due to cross-
contamination during recycling or processing. Dust collected on electronics showed elevated
concentrations (reaching the pg/g levels) of RDP, TPHP and meta-HO-RDP in most of the samples. These
high spot levels on dust collected on electronics could be a significant route of human exposure via
ingestion/dermal adsorption especially when touching these surfaces, e.g. by typing on a keyboard or
switching on a TV. These results highlight the need to study not only the levels of the main FR, but also
of their less-known impurities or degradation products, such as meta-HO-RDP derived from RDP. The
analysis of other type of dust samples (not only collected on/around electronics) is highly desirable in
future studies for a better assessment of the human exposure to these novel compounds. Typically,
impurities of flame retardants share the same functional groups and basic structures with their parent
compounds but are smaller and more polar. While impurities are usually be less persistent than the
parent compound they can be also more toxic, as occurring for TPHP in comparison with RDP, for which
some toxic properties have been reported (e.g. in chicken embryonic hepatocytes® and in developing

23,24

zebrafish embryos.”>"). Giving these high spot levels, more data on the presence and potential toxicity
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of meta-HO-TPHP is necessary in future monitoring studies to assess the human exposure and risks to
this compound. Besides, due to its specificity and ubiquity as RDP impurity, meta-HO-TPHP could be a

suitable marker/tracer of RDP. RDP-[Phe] and meta-HO-RDP could be also relevant for future studies.
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dust samples and 4) extracted ion chromatograms of the target compounds in a dust sample extract.

This information is available free of charge via the Internet at http://pubs.acs.org/.
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