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Abstract
With the phase-out of polybrominated diphenyl ether (PBDE) flame retardants, the use of new and
alternate flame retardants has been increasing. 2,2-bis(chloromethyl)propane-1,3-diyltetrakis(2-
chloroethyl) bisphosphate, known as V6, is a flame retardant applied to polyurethane foam
commonly found in furniture and automobile foam. However, to the authors’ knowledge, no
research has been conducted on V6 levels in the environment. The intention of this study was to
measure the concentration of V6 in foam collected from baby products where it was recently
detected, and measure levels in dust samples collected from homes and automobiles in the Boston,
MA area. To accomplish this a pure V6 commercial standard was purchased from a Chinese
manufacturer and purified (> 98%). An analytical method to measure V6 in dust samples using
liquid chromatography tandem mass spectrometry (LC/MS-MS) was developed. Extraction was
conducted using Accelerated Solvent Extraction (ASE) and extracts were purified using an ENVI-
Florisil SPE column (500 mg, 3mL). V6 was measured in foam samples collected from baby
products with a concentration ranging from 24,500,000 to 59,500,000 ng/g of foam (n = 12,
average ± sd: 46,500,000 ± 12,000,000 ng/g; i.e., on average, 4.6 % of the foam mass was V6). V6
was also detected in 19 of 20 car dust samples and 14 of 20 house dust samples analyzed. The
concentration of V6 in the house dust ranged from < 5 ng/g to 1,110 ng/g with a median of 12.5
ng/g, and < 5 ng/g to 6,160 ng/g in the car dust with a median of 103.0 ng/g. Concentrations in car
dust were significantly higher than the house dust, potentially indicating higher use of V6 in
automobiles compared to products found in the home. Furthermore, tris (2-chloroethyl) phosphate
(TCEP), a known carcinogen, was found in the V6 commercial mixture (14% by weight) as an
impurity and was consistently detected with V6 in the foam samples analyzed. A significant
correlation was also observed between V6 and TCEP in the dust samples, suggesting that the use
of V6 is a significant source of TCEP in the indoor environment.

INTRODUCTION
Over the past decade there have been increasing concerns about exposure to brominated
flame retardants (BFRs), which are largely used in plastics, furniture, electronic products,
etc. Many studies have reported the ubiquitous presence and persistence of these compounds
in the environment and their bioaccumulation in human tissues1,2. More recent toxicology
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studies have suggested that exposure to these chemicals could be linked to disruption of
thyroid hormone regulation and neurodevelopment 3,4. Long-term epidemiological studies
have also observed negative associations between polybrominated diphenyl ether (PBDE)
exposures at birth and neurodevelopment in children5,6. Two commercial PBDE mixtures,
PentaBDE and OctaBDE, were voluntarily phased out and the last commercial mixture,
DecaBDE, will undergo a voluntary phase out by manufacturers in the United States by
20137.

Since the phase-out of PBDE commercial mixtures, additional types of flame retardants
(FRs) have been increasingly used as replacements. Potential replacements include
decabromodiphenyl ethane (DBDPE), tetrabromobisphenol-A (TBBPA), bis(2,4,6,-
tribromphenoxy)ethane (BTBPE), and several phosphate based compounds8. In 2005, the
Environmental Protection Agency (EPA) evaluated flame retardant alternatives for low-
density polyurethane foam (PUF), in which PentaBDEs was previously widely used9. The
alternatives included Firemaster® 550/552 (which includes bis(2-
ethylhexyl)tetrabromophthalate (TBPH) and ethylhexyl-2,3,4,5-tetrabromobenzoate (TBB)),
and some additional organophosphate flame retardants (PFRs) such as triphenyl phosphate
(TPP), chloroalkyl phosphates (such as tris(1,3-dichloro-2-propyl) phosphate (TDCPP)), or
alkylated triaryl phosphates (e.g. non chlorinated PFRs). However, it is likely that this report
does not represent all the FRs currently in use today.

In our recent study investigating the use of FRs in polyurethane foam (PUF) used in baby
products, a new chlorinated organophosphate 2,2-bis(chloromethyl)propane-1,3-
diyltetrakis(2-chloroethyl) bisphosphate (V6) was identified in 12 of 101 samples10. Though
it has been in use since 1990s11, there is little information known about the environmental
levels of V6. According to an EU risk assessment report, V6 is primarily used in flexible
PUF and is particularly suited to expensive and durable articles, e.g. automotive and
furniture applications due to its high price and low mobility in the foam11. The report also
suggests that 50 – 75% of the total V6 demand is used in PUF for automotive applications
and 25 – 50% is used in furniture. The total production of V6 was less than 5,000 tonnes in
2000 in the EU, but its global production was increasing by approximately 10% per
annum11. The production of V6 in the USA was about 454 – 4500 tonnes in 199812. V6 is
also widely available in Chinese flame retardant commercial markets, which was confirmed
by a product search on several Chinese online trade platforms such as Alibaba, though no
specific production information is available. One limited report describes the possible
detection of V6 in air, effluent, sediment, and biological samples analyzed by a gas
chromatograph using a nitrogen phosphorus detector13. However, in terms of its toxicity,
very limited information is available. In the EU risk assessment report on V6, no acute
toxicity to fish, algae and other invertebrates has been observed11. However, V6 was
reported to significantly decrease serum cholinesterase activity in rats of both sexes
following oral administration; the largest decrease of cholinesterase activity observed at 500
mg/kg body weight was 59% for males and 91% for females after 8 hours, suggesting
possible neurotoxicity similar to some organophosphate pesticides11. Interestingly, a case
study reported on the death of pet dogs locked in cars overnight, and suggested that one
cause of death may be due to organophosphate flame retardants present in the foam of the
car that the dogs were chewing14. In that study, they detected tris (2-chloroethyl) phosphate
(TCEP) as well as an unknown bis-phosphate chemical in the dog’s stomach contents. The
structure of V6 is similar to a “dimer” of TCEP (Figure 1), which has been reported to be a
carcinogenic compound15. TCEP is a known impurity (a byproduct of the synthesis) in the
commercial V6 mixture with a percentage of 4.5 – 7.5% according to the EU risk
assessment report11. Given this impurity, the use of V6 commercial mixtures in consumer
products may be an important source of TCEP, especially after the phase-out of TCEP in the
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1980s15. Therefore, further investigation of V6 and TCEP levels in products and
environment compartments is warranted.

House dust has been widely used as an important environment matrix to monitor the
contamination level of various FRs, and inadvertent dust ingestion is an important exposure
pathway into humans1,16,17,18. Considering that the primary use of V6 is believed to be in
automobile foams, it may likely be present in car dust. In this study, we therefore
investigated levels of V6 in both car dust and house dust samples for comparison. To the
authors’ best knowledge, there is no commercially available pure V6 standard and no
analytical methods for V6 have been developed for dust samples. Therefore, the goals of this
study were: 1) to prepare and purify a V6 commercial standard; 2) develop a method to
analyze V6 in dust samples; 3) measure V6 levels in foam from baby products previously
identified as having V6; 4) measure V6 in house and car dust samples to provide more
information on its detection and abundance in indoor environments; and 5) examine the
relationship between TCEP and V6 in foam products and indoor dust to determine the
importance of V6 as a source for TCEP.

MATERIALS AND METHODS
Materials

The V6 commercial mixture was purchased from a flame retardant manufacturer in China
(Hongming Auxiliaries CO., LTD, Jiande, Zhejiang Province, China). Deuterium labeled
d15-TDCPP was synthesized by Dr. Vladimir Belov (Max Planck Institute for Biophysical
Chemistry, Goettingen, Germany) and was used as an internal quantification standard.
TCEP was purchased from Sigma Aldrich (St. Louis, MI). All solvents used throughout this
study were HPLC grade.

Sample Collection
Information of the dust collection is described in previously published studies19,20. Briefly,
dust samples were collected using a Eureka Mighty-Mite vacuum cleaner (model 3670) and
crevice tool attachment. House dust samples were obtained in the bedroom from 20 Boston
(MA) area houses during 2009. For car dust, 20 samples were collected from the surfaces of
the front and back seats of participants’ cars. The information on the car manufacturer,
production year, and sampling date were recorded. The detailed sampling information of car
dust samples are shown in Table S1 in supplementary information (SI). Field blanks for the
house dust samples were prepared using sodium sulfate powder as a surrogate for dust and
collected using the Mighty-Mite vacuum. The foam samples collected from baby products
and analyzed here were from our previous study10.

Sample Extraction
The dust samples (~ 0.1 g) were extracted using either hexane or dichloromethane (DCM)
(described in results section) by accelerated solvent extraction (ASE, Dionex) at a
temperature of 100 °C and pressure of 1500 psi. The final extract was evaporated to
approximately 1 mL using an automated nitrogen evaporation system (Turbo Vap II,
Zymark Inc.). After the cleanup (described in results section), extracts was again reduced to
0.5 mL and spiked with d15-TDCPP as the internal standard due to their similar retention
times and physicochemical properties. Unfortunately, a labeled standard (or another
similarly structured compound) was not available for use in this study, which may contribute
to uncertainties in the measurements of V6 reported here. Measurement of TCEP in dust
samples was conducted in 0.1 grams of dust using a method reported in Van den Eede et al.
201221 and using d15-TDCPP as an internal standard. The extraction of foam samples was
conducted using the same extraction method reported in our previous studies10,22,23. No
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further cleanup steps were performed for the foam sample extracts except filtration through
0.2 μm PTFE filters before analysis.

Sample Analysis
V6 and its internal standard d15-TDCPP were analyzed by liquid chromatography tandem
mass spectrometry (LC/MS-MS) (Agilent 6410 Triple Quad LCMS) in positive atmospheric
pressure chemical ionization (APCI) ionization mode using multiple reaction monitoring
(MRM). Ion transition m/z 582.9 to 360.8 was used for quantification of V6 and m/z 582.9
to 296.8 and m/z 582.9 to 98.9 were qualifier ions. Ion transition m/z 446.0 to 102.0 was
monitored to qualify and quantify d15-TDCPP. In the ion source, gas (N2) temperature was
set to 350 °C, vaporizer temperature was set to 250 °C, the gas flow rate was 10 mL/min, the
nebulizer pressure was 345 kPa (50 psi), the capillary voltage was +2,500 V and the corona
charge was 4 μA. A ZORBAX Eclipse XDB C18 column (4.6 × 50 mm, 1.8 μm) was used
for separation with a flow rate of 0.4 mL/min. Gradient elution was applied as follows: 0–6
min: start with 60% methanol and increase to 100%; maintain at 100% methanol until
12min; 12–15min: decrease from 100% to 60% methanol and 5 mins was used as a post run
equilibrium time.

Quality Assurance
Sodium sulfate powder and clean PUF were used as laboratory blanks for dust samples, and
foam samples, respectively. As part of our quality assurance criteria, levels of V6 were
analyzed in field (for house dust) and laboratory blanks (n = 3), duplicate dust samples
(n=3), and house dust Standard Reference Material (SRM) 2585 (National Institute of
Standards and Technology (NIST), Gaithersburg, MD). Matrix spikes were prepared by
spiking different amounts of V6 into SRM 2585 (n = 12) and into sodium sulfate powder (n
= 3). V6 was not detected in either field or laboratory blanks. Therefore, the method
detection limit (MDL) was first estimated by measuring the instrumental detection limit
(IDL), which was calculated by using a signal to noise (S/N) ratio of 3, and an average dust
mass of 0.1 g. Then the MDL in dust was confirmed by spiking 0.5 ng V6 into three dust
samples (0.1g) that did not originally contain V6 and measuring recovery, which was 70 ±
10% (Table 1). The calculated MDL for V6 in this study was therefore 5.0 ng/g of dust. In a
similar way, the calculated MDL for V6 in foam samples was 5,000 ng/g of foam, and is
much higher due to the significant dilution (100 fold) of the extract to allow for
measurements within our calibration curve.

Statistical Analysis
SPSS 12.0.1 was used for the statistical analyses. V6 and TCEP levels in the dust and foam
samples were tested for normality and log-normality using the Shapiro–Wilk test. As neither
condition held for TCEP and V6 in the dust, we used non-parametric statistics in our
analyses (the Mann-Whitney test for comparison of means between samples and a Spearman
correlation analysis). Dust concentrations of V6 and TCEP below the MDLs were replaced
by MDL/2 for correlation analyses.

RESULTS AND DISCUSSION
Purchase and purification of a “V6” commercial product

After purchasing the V6 commercial mixture, a solution was prepared and analyzed by full
scan gas chromatography-mass spectrometry operated in electron ionization mode (GC/EI-
MS) and using full scan LC/MS operating in electron spray ionization (ESI), to check the
purity. Analysis revealed several significant impurities in the mixture. TCEP and other
unknown impurities were observed in the product similar to what was reported in the EU
risk assessment11. TCEP was quantified in the V6 commercial mixture by GC/EI-MS with a
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percentage of 13.5 ± 0.4 % (average ± sd, n = 5) by weight in the original mixture, which
was higher than the reported 4.5 – 7.5% in the EU risk assessment report11.

Purification of the V6 mixture was performed using silica gel flash column chromatography
and confirmed with thin layer chromatography (TLC). Gradient elution starting from 100%
DCM to 50% ethyl acetate in DCM (v/v) gave V6 as a translucent, viscous oil (~ 1.1 g).
Analysis of the purified material by TLC using DCM:ethylacetate (1:1, v/v) as a mobile
phase indicated the desired product (Rf = 0.23, visualized with KMnO4 stain) had been
successfully separated from the major impurity TCEP (Rf = 0.38). The purity of V6 was
further checked by full scan in LC/MS-MS operating in both APCI and ESI. As shown in
Figure S1, all the significant peaks other than V6 in the original mixtures were removed and
there was no difference between the purified standard and the methanol blank except the
single peak of pure V6. The purity of V6 was also reconfirmed by full scan GC/EI-MS. In
the end, ~1.1 g V6 was purified to greater than 98% and quantification of V6 in foam and
dust was completed using the purified standard.

Method Development for V6 in dust by LC/MS-MS
Several different types of solvents were tested for extraction efficiency of SRM 2585. DCM
showed the highest recovery of V6 (> 95%). Hexane, and mixtures of hexane:DCM (1:1, v/
v) could not completely extract V6 from the dust samples (< 70%, n = 3). Therefore, 100%
DCM was used as the extraction solvent throughout this study.

Since an ENVI-Florisil SPE column (500 mg, 3 mL) is commonly used by our laboratory
and others21 during the analysis of flame retardants in dust (e.g. PBDEs, HBCDs, and
several PFRs, including TCEP, and TDCPP), we optimized a clean-up method using this
SPE as shown in Figure S2. In brief, the SPE column was first conditioned with 5 mL
methanol and rinsed with 3 mL hexane. Then the dust extract (in hexane) was loaded on the
SPE using 0.5 mL hexane and 4 mL hexane was used to elute hydrophobic FRs (e.g.
PBDEs) in fraction one (F1). Subsequently, most PFRs were eluted in fraction two (F2)
using 10mL ethyl acetate. In our preliminary experiments, we found that <10% of “V6” (n =
3) could be collected in F1 and F2. Therefore, more polar solvents were tested in an F3
fraction, including acetone and methanol, which were found to elute V6 from the column.
However, we found that hexane was not efficient in completely transferring all the V6 in the
dust extract to the SPE column (i.e. some V6 remained in the test tube). Therefore, the test
tube that originally contained the dust extract was rinsed with 0.5 mL methanol and reloaded
onto the SPE (after F1 and F2 were collected) and then a final F3 elution with methanol was
collected. The solvent volume for fraction three was optimized using 3 mL, 6 mL and 10 mL
methanol. It was found that 6 mL methanol could elute most of the V6, but 10 mL was used
in this study to guarantee complete elution of V6.

V6 and its internal standard, d15-TDCPP, were then analyzed by LC/MS-MS. V6 could be
ionized using either APCI or ESI but the latter provided better ionization efficiency.
However, significant ion suppression of V6 and its internal standard d15-TDCPP were
observed in ESI mode, as shown in Figure S3. In contrast, no significant matrix effect was
observed in the APCI mode. Therefore, APCI was used for the quantification of V6.
Furthermore, the data using APCI were consistent with those obtained by the standard
addition method (Table S2).

Matrix Spike Tests
The recovery of V6 in dust samples was assessed by spiking different levels of the pure V6
standard onto a homogenous dust sample (SRM 2585). In this experiment, 0.5ng (very low,
near detection limits), 100 ng (low), 200 ng (medium), 600 ng (medium), and 1000 ng (high)
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of V6 were spiked onto 0.1 g of SRM 2585 (in triplicate). The measured recovery is shown
in Table 1. A non-spiked SRM 2585 were run alongside to correct for any background level
of V6 in the SRM. The average recovery in spiked dust samples was 70, 89, 82 and 72% for
the very low, low, medium and high spiking samples, respectively. The lower recovery in
the high spike may be due to breakthrough in the ENVI-Florisil SPE column during
collection of the F1 and F2 fractions. Step-wise recovery tests were also investigated in the
evaporation/concentration steps but losses were negligible.

SRM measurements of V6 (intra and inter day variability)
As part of our quality control, the native level of V6 in SRM 2585 was measured. The
concentration of V6 in SRM 2585 was determined to be 117.0 ± 5.5 ng/g (mean ± s.d.) and
small intra and inter day variability was observed with relative standard deviations of 6.8
and 3.7%, respectively. It was interesting to note that V6 was detected in SRM 2585, which
was collected in the mid- to late 1990s, indicating that V6 has probably been used since the
1990s.

Measurement of V6 in Polyurethane Foam from Baby products
In our previous study of FRs in baby products, V6 was identified (but not quantified due to
lack of a standard) in 12 of 101 baby products. Most detects were in nursing pillows but it
was also detected in one sleep positioner, one portable mattress and one baby carrier10.
Furthermore, it was also observed in one foam sample collected from residential furniture22.
Samples of baby foam previously suspected of containing V6 were extracted and analyzed
in this study and its presence was confirmed. As shown in Table 2, the concentration of V6
in baby products ranged from 24,500,000 to 59,500,000 ng/g of foam, with an average
concentration of 46,500,000 ng/g (i.e., 4.6 %). A similar level of V6 was detected in the one
sample of couch foam from our previous study (out of 102 samples) with a concentration of
36,300,000 ng/g22. These values were comparable with previous reports indicating that V6
was applied at rates of 5.3% in automotive foams11.

Measurement of V6 and TCEP in car and house dust samples
Since the primary use of V6 was suggested to be in automobiles, we expected to find higher
level of V6 in car dust than in house dust. As shown in Table 2, V6 was detected in 70% and
95% of the house dust and car dust, respectively; indicating V6 is common in dust. As
shown in Figure 2, the concentration of V6 in the house dust samples ranged from < 5 to
1,110 ng/g with a median of 12.5 ng/g. The concentration of V6 in the car dust ranged from
< 5 to 6,160 ng/g with a median of 103.0 ng/g. Since TCEP was detected in the V6
commercial mixture examined here, and in the foam samples, we measured TCEP in the
dust samples investigated in this study. The median concentrations of TCEP were 50.2 and
1,080 ng/g for house dusts and car dusts, respectively (Table 2). Levels of V6 and TCEP
both in house dust and car dust samples were not normally distributed. After logarithmic
transformation, V6 showed a normal distribution in the car dust samples, but not in the
house dust samples. The levels of V6 and TCEP (evaluated individually) in the car dust
samples were significantly higher than levels measured in the house dust samples (p <
0.001, Mann-Whitney test), suggesting a greater use of V6 in automobiles. Concentrations
in cars may also be higher in part due to differences in how dust samples were collected,
directly from the seats in the cars vs floors in homes. In term of car production year, V6 was
detected in five dust samples from cars that were made in 1990s, further suggesting long
historical use of V6 in car manufacturing.
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Correlation between V6 and TCEP in baby products and dust samples
As we found in our earlier study, V6 was always detected in foam samples in combination
with TCEP. The relative contribution of TCEP in the foam varied from about 2–18% of the
sum flame retardant burden (i.e. TCEP + V6), suggesting that TCEP is likely a common
impurity in the V6 formulation, but the impurity likely varies among different commercial
formulations. To determine if V6 may be a source of TCEP to indoor environments, we
conducted a correlation analysis between V6 and TCEP in the dust samples analyzed here.
As shown in Figure 3, the concentrations of V6 and TCEP in dust samples (n = 40) were
significantly correlated (r = 0.50, p < 0.001). A spearman test excluding the samples (n = 13)
in which the levels of TCEP and V6 were below the MDL was additionally conducted and
the result was also significant (r = 0.50, p = 0.015). This result suggests that V6 is likely an
important source of TCEP in the environment. TCEP has a higher vapor pressure than V6,
which may result in greater migration from treated products over time and higher
concentrations in indoor dust relative to V611. This may be a concern due to the reported
carcinogenic properties of TCEP.

Comparison of V6 levels in house dust and car dust with other alternate FRs
To evaluate the abundance of V6 in the environment relative to other FRs commonly used in
polyurethane foam, we compared our measurements here in dust with other reported FRs
measurements in US dust samples. As shown in Table 3, the level of V6 in house dust was
much lower than most BFRs and PFRs previously measured23–27. Unfortunately, there are
very few measurements of FRs in car dust samples in the US for comparison. Here, the level
of V6 in car dust was several orders of magnitude lower than measured levels of PentaBDE
reported in other studies. There are several possible reasons for the low level of V6 in car
dust comparing with other FRs. For one thing, V6 may be used in combination with other
flame retardants in automobile foam. V6 was known to be primarily used in car seats made
of low-density PUF; while other FRs, e.g. TDCPP, may be used both as a flame retardant
and plasticizer. In addition, the mobility of V6 in the foam may be much less than that of the
other FRs given its chemical structure and high molecular weight11. Further studies
investigating the FR composition in car foam samples should be conducted.

In conclusion, V6 was detected and measured in foam collected from baby products, house
dust, and car dust samples. The ubiquitous distribution of V6 in dust samples indicates V6
may also be used as a replacement for PentaBDE in PUF, especially in automobiles.
Furthermore, the presence of TCEP, a known carcinogen, in the V6 commercial mixture
may be contributing to exposure in indoor environments as these flame retardants migrate
out of foam and contaminate indoor dust. There may also be additional concern regarding
the presence of TCEP in baby products treated with V6. Because TCEP has a higher vapor
pressure than most PFRs, PBDEs and particularly V6, additional studies may wish to assess
infant’s exposure to TCEP during use of products treated with V6. For example, this may be
of special concern for infants sleeping on sleep positioners that may be treated with V6.
Infants spend long periods of time in close proximity to the surfaces of the foam that may be
off-gassing TCEP, and air concentrations of TCEP may be higher at the surface of the foam
than in bulk air within the room if off gassing is occurring. Considering the very limited data
on V6, and potential increased use due to the phase out of PBDEs, further studies on this
compound should be performed.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Structures of (A) TECP and (B) “V6”
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FIGURE 2.
Scatter plot representing the distribution of V6 in house dust (n = 20) and car dust samples
(n = 20).
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FIGURE 3.
Correlation between the V6 and TCEP concentrations in dust samples (n = 40).
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Table 1

Measured Recovery of V6 in Dust Matrix Spikes

Percent recovered

Very Lowa (close to MDL) 70 ± 10 (n = 3)

Lowb 89 ± 7 (n = 3)

Mediumc 82 ± 3 (n = 6)

Highd 72 ± 12 (n = 3)

a
Low (close to MDL): 0.5 ng spikes into three house dust samples that did not contain V6;

b
Low: 100 ng spikes into SRM 2585;

c
Medium: 200 ng and 600 ng spikes into SRM 2585;

d
High: 1000 ng spikes into SRM 2585.
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