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Abstract

An analytical method for detecting flame retardants was slightly modified and optimized for the simultaneous determination
of 11 organophosphate esters (OPEs) and 26 polyfluoralkyl substances (PFASs) contained in dust. All the analytes were
determined in HPLC/MS-MS, and OPEs were also analyzed in GC/MS, and the results were compared. The study was
conducted through the investigation of the Standard Reference Material SRM 2585 of the National Institute of Standard and
Technology (NIST). The results were compared with the available reference mass fraction reported in the NIST certificate.
The mass fraction obtained for the other OPEs and PFASs was compared to available data in the literature. After verifying
the reliability of the results, the method was applied to environmental samples of settled dust, collected in four workplaces,
where OPE and PFAS content is expected to be higher than in house dust: a mechanical workshop, an electronic repair
center, a disassembly site, and a shredding site of two electronic waste recycling plants. By analyzing both PFASs and
OPEs in the same samples, the present work demonstrated that the selected working places were more polluted in OPEs
than houses; on the contrary, PFAS content in house dust proved to be more than ten times higher than that in workplaces.
Additional research is necessary to confirm these data. Nevertheless, because this preliminary study showed not negligible
concentrations of OPEs in some workplaces and of PFASs in houses, their monitoring should be extended to other domestic
and selected working sites.

Keywords PFASs - OPEs - Settled dust - Workplaces - NIST-SRM2585

Introduction

Both organophosphate esters (OPEs) and per-/poly-fluoro-
alkyl substances (PFASs) are often studied together for their
concurrent occurrence in the dust of many indoor environ-
ments, including homes, offices, and electronic stores (Papa-
dopoulou et al. 2016). Dust ingestion or dermal contact can
transmit such potential pollutants very rapidly into human
body tissue (Melymuk et al. 2020). In particular workplaces,
where frequent daily cleaning is not scheduled, settled dust
could contain high concentrations of OPEs and PFASs,
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accumulated on surfaces over time (Buiarelli et al. 2019).
Settled dust can also become airborne when persons move
or during work operations, leading to additional inhalation
exposure. Although these chemicals have been shown to rep-
resent a health risk to workers, yet, limited data are found in
the literature on OPE and PFAS occurrence in workplaces.

OPEs are well-known ubiquitous toxic and persistent
chemicals, extensively used as replacements for bromi-
nated flame retardants (BFRs). They are also used as a
plasticizer to make the material softer and more flexible.
Since physical mixing rather than chemical bonding is
mostly used to add OPEs into polymer materials, they are
easily released into the environment through volatilization,
leaching, abrasion, and dissolution (van der Veen and de
Boer 2012). OPEs include a variety of compounds with dif-
ferent substituent groups, characterized by heterogeneous
chemical-physical property and environmental behavior.
Triethyl phosphate (TEP), tripropyl phosphate (TPrP), tribu-
tyl phosphate (TBP), tris(2-ethylhexyl) phosphate (TEHP),
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triphenylphosphate (TPhP), 2-ethylhexyldiphenyl phosphate
(EHDPhHP), tributoxy ethyl phosphate (TBEP), tris(1-chloro-
2-propyl) phosphate (TCPP), tris(2-chloroethyl) phosphate
(TCEP), tris(1,3-dichloro-2-propyl) phosphate (TDCPP),
and tri-m-tolyl phosphate (TMTP) are some of the most
widespread and studied OPEs. OPE affinity for sediments
and soils and their hydrophobicity depends on the large vari-
ation in chemical properties due to the variety of substitu-
ent groups (Yan et al. 2014). Solubility of halo-alkyl phos-
phates in water increases with decreasing molecular weight,
and selected compounds can be found in aqueous matrices
(Lande et al. 1976). TEP, TBP, and TCEP are more volatile;
they can be emitted to the atmosphere and soon after can
sorb to the airborne particles. Triphenyl phosphate (TPhP),
used as an additive flame retardant and/or plasticizer in the
plastic material of computers, is not totally retained in the
plastic material and is continuously emitted into the indoor
air when the machine is running (Carlsson et al. 2000).
Alkyl- and aryl-phosphates TPhP, TEP, TPrP, TBP, TBEP,
and TDCPP are also used as combustion engine fuel addi-
tives and occur at not negligible concentrations in urban
airborne PM (Fabianska et al. 2019).

Human exposure to OPEs occurs from consumption of
contaminated food and water, from ingestion of dust, inhala-
tion, and skin absorption (Gbadamosi et al. 2021). Toxico-
logical studies have linked exposure to OPEs with adverse
endocrine and reproductive effects and genotoxicity (Young
et al. 2021). TPhP and TBP are suspected neurotoxic, and
TCPP, TCEP, and TDCPP are suspected carcinogenic
(WHO, EHC 112, 1991; IPCS, EHC 111, 1991).

PFASs (polyfluoralkyl substances) are constituted by
a carbon chain totally (perfluoroalkyl) or partially (poly-
fluoroalkyl) fluorinated. Among the most common PFASs,
perfluoroalkyl carboxylate (perfluorinated carboxylic acids,
PFCAs) and sulfonate (perfluoroalkane sulfonic acids,
PFSAGs) are persistent chemicals widespread in the environ-
ment. Due to the strong chemical bond between the carbon
and fluorine atoms, PFASs are human-made chemicals of
concern for their persistence in the environment. PFASs
have been widely used since the 1950s as water and oil
repellents and in industrial surface treatment of several
textile and paper products. Although toxicological data
are not available for many contaminants, the toxicological
profile of some of them and their ascertained presence in
human blood plasma make PFASs of particular concern
(Workman et al. 2019). The production of the most popu-
lar perfluorooctane sulfonate (PFOS) and perfluorooctanoic
acid (PFOA) has been phased out since they are endocrine
disruptors with carcinogenic and immunotoxic potential.
Nevertheless, similar compounds continue to be employed
for comparable applications (Berger et al. 2004). In 2018, a
study by OECD (Organisation for Economic Co-operation
and Development) [OECD, Series on Risk Management No.

39, 2018] listed 4730 different PFAS all identified by a CAS
number, including perfluoroalkylethers and fluorotelomers
and including other substances, precursors of environmen-
tally persistent perfluorinated carboxylic acids. Besides these
4730 compounds, there are other PFASs present on the mar-
ket with unknown CAS numbers. In order to assess human
exposure to these chemicals, their occurrence is extensively
studied in different environmental matrices, including air,
water, food, and consumer products. PFASs examined in
this study include thirteen perfluoro carboxylic acids from
C,to C 4 and C 4 and C,5 (PFBA, PFPeA, PFHxA, PFHpA,
PFOA, PFNA, PFDA, PFUDA, PFDoA, PFTrDA, PFTeDA,
PFHxDA, PFODA); PFSAs including eight C, to C,, and
C,, perfluoro sulfonates (L-PFBS, L-PFPeS, L-PFHxS,
L-PFHpS, L-PFOS, L-PENS, L-PFDS, L-PFDoS); one hex-
afluoropropylene oxide dimer acid, (2,3,3,3-tetrafluoro-2-
(heptafluoropropoxy)-ammonium propanoate, GenX); and
one perfluoroalkylether (6:2 chlorinated polyfluoroalkyl
ether sulfonate, CI-PFESA); the perfluorooctanesulfonamide
(PFOSA) and its methylated and ethylated forms (MeFOSA,
EtFOSA). Neutral and volatile PFAS were not included.

The first aim of the present study was to determine the
suitability of an analytical method, previously optimized
for other flame retardants in our laboratory, to analyze 11
OPEs and 26 PFASs in the same sample of dust (Simonetti
et al. 2020).

The previous method took into account the analysis of
five PFASs by HPLC and flame retardants different from
OPEs in GC, for a total of 99 compounds, by splitting the
extract from the same dust sample in two aliquots. The
method was tested for selectivity, calibration, precision,
recovery, operating range, limit of quantification, limit of
detection, and sensitivity. The determination of different
classes of compounds with acceptable analytical perfor-
mance was so obtained by an easy and rapid treatment of an
environmental complex matrix.

Therefore, the method was slightly modified to be extended
to the new compounds, using an automated high pressure and
temperature extraction system (Astolfi et al. 2017; Buiarelli
et al. 2017; Pomata et al. 2020; Simonetti et al. 2020). OPE
and PFAS analysis was performed by HPLC/ESI-MS-MS;
OPEs were also analyzed in GC/MS, and the results
were compared. In order to evaluate the accuracy of the
analytical procedure, the method was applied to the standard
reference material NIST (National Institute of Standards
and Technology, Gaithersburg, MD) SRM 2585 containing
OPEs and PFASs (Borsella et al. 2004). The results were
compared with the available reference mass fraction reported
in the NIST certificate for TBP, TCEP, TCPP, TPhP and for
PFBA, PFHxA, PFHpA, PFNA, PFDoA, PFTriA, PFHxS,
and PFOS. The mass fraction obtained for the other OPEs
and PFASs was compared to available data in the literature
if any.
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The second purpose of the present work was a prelimi-
nary study to evaluate the optimized method by applying
it to environmental samples collected in four workplaces,
selected to represent sites where occupational exposure to
OPEs and PFASs can be significant. Since flame retardants
are released during dismantling processes, and in places
where computers, printed circuit boards, electric com-
ponents, and plastics are present (Sjodin et al. 2001), the
working places examined were a mechanical workshop, an
electronic repair center, a disassembly site, and a shredding
site inside two electronic waste recycling plants.

Experimental section

Chemicals and reagents, solvents, materials,
and instruments

TPrP, TBP, TPhP, TCEP were purchased from Sigma-
Aldrich S.r.l. (Milan, Italy); all the other OPEs and the
isotope-labeled internal standards Tributyl-d,; phosphate
(TBP-d,,), Triphenyl-d, 5 phosphate (TPhP-d,5), and Tris(2-
chloroethyl)-d,, phosphate (TCEP-d,,) were purchased from
Wellington Laboratories (Ontario, Canada).

PFAC-PFAS mixture (PFBA, PFHxA, PFOA, PFNA,
PFDA, PFUDA, PFODA), CI-PFESA, and MeFOSA were
purchased from Wellington Laboratories (Ontario, Canada);
EtFOSA were purchased from Dr. Ehrenstorfer GmbH
(Augsburg, Germania); GenX was purchased from Apollo
Scientific (UK).

Mass-labeled PFASs, PFBA, PFHxA, PFOA, PFNA,
PFDA, PFUDA, PFDoA, PFHxS, and PFOS (mixture name:
MPFAC-MXA) were purchased from Wellington Laborato-
ries (Ontario, Canada).

SRM 2585 is naturally occurring house dust collected
from vacuum cleaner bags of homes, cleaning services,
motels, and hotels in the USA during 1993 and 1994. The
standard was purchased from NIST (National Institute of
Standards and Technology, Gaithersburg, MD). HPLC ultra
LC-MS grade solvents were obtained from VWR Interna-
tional S.r.l. (Milan, Italy). Phenex-RC 0.15 mm syringe fil-
ters (Regenerated Cellulose) 0.20 pm were purchased from
Phenomenex (Torrance, CA, USA). Millex-HV PVDF 4 mm
syringe filters 0.22 pm were purchased from Merck (Darm-
stadt, Germany).

Chromatographic columns were a DB17, 50% phe-
nyl-methylpolysiloxane (30 m x0.25 mm), 0.25 um (by
Agilent J&W Scientific) for GC and XBridge BEH C,,
(100x 2.1 mm, 2.5 um; Waters, Sesto San Giovanni, MI,
Italy), and Discovery®, C18 HPLC Column 5 pm particle
size, LXI.D. 30 mm X 2.1 mm (Sigma-Aldrich Inc., Italy) for
HPLC. Florisil, MgO5Si, 60—100 mesh was purchased from
Sigma-Aldrich S.r.l. (Milan, Italy). Filtration regenerated
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cellulose membranes Phenex-RC (0.15 mm, 0.20 pm) were
purchased from Phenomenex, Torrance, CA, USA. Millex
Syringe Filters, Durapore® (PVDF), 4 mm, 0.45 pm, were
purchased from Sigma-Aldrich Inc., Italy. Single PFASs
were Apollo Scientific Ltd. products, purchased from Lab-
Service Analytica srl (Anzola dell’Emilia, BO, Italy).

An Accelerated Solvent Extractor ASE200-Dionex
(Thermo Scientific, Rodano, Milan, Italy), operating at high
pressure and temperature, allowed to achieve an effective
extraction. The extracts were first evaporated by an SE500-
Dionex solvent evaporator (Glas-Col, TerreHaute, IN, USA)
under a nitrogen stream, and then by a Miulab NDK200-2 N
concentrator (Hangzhou Miu Instruments CO., LTD, Zheji-
ang, China). The analytes were analyzed by both an HPLC/
ESI-MS-MS (Agilent 1290, Agilent G4226A, Agilent
G6460, Agilent Technologies, Santa Clara, CA, US) and
a GC-MS (Agilent 7890B and Agilent G5977B, Agilent
Technologies, Santa Clara, CA, US).

Sampling

Samples included in this study are NIST-SRM 2585 and
dusts collected in a mechanical workshop, an electronic
repair center, a disassembly site, and a shredding site inside
two electronic waste recycling plants. In Table 1, a short
description of the sampling sites is reported.

Settled dust samples were collected using a brush, previ-
ously cleaned with appropriate solvents, from different sur-
faces inside the workplaces and stored in a single glass bottle
for each workplace. For the sole purpose of homogenizing
and removing the “grosser parts,” the dust samples were
sieved at 63 pm and stored at— 18 C.

Analytical procedure protocol

A set of five NIST SRM 2585 samples of 100 mg each were
spiked with a multistandard solution at increasing concentra-
tions of analytes, chosen within the linear calibration range
established through solvent calibration curves, previously
built and constant concentrations of internal standards. The
set of samples was added with the following OPE and PFAS
amounts: 0 ng, 12 ng, 25 ng, 50 ng, and 75 ng of OPEs, and
0 ng, 1.25 ng, 3.75 ng, 7.5 ng, and 15 ng of PFASs. OPE
internal standards were also added at the following constant
amounts in all the samples: 37.5 ng of TBP-d,;, 25 ng of
TCEP-d,, and TPhP-d,5. Perdeuterated PFAS were added
at a concentration of 20 ng (§ 2.1).

In parallel, six ASE cells, packed with florisil, were
spiked with deuterated internal standards prior to applying
the procedure. The averaged results were used as procedural
blanks that were subtracted from OPE results in the environ-
mental sample and for LOD and LOQ calculation.
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Table 1 Short description of the sampling sites

Short description Sampling

area (m?)

Mechanical workshop  Production and development of mechanical components (facility equipped with machine tools, lathes and 130
milling machines, welding and fabrication equipment)

Electronic repair center Electronic repair services for consumer electronics such as phones, tablets, laptops, drones, audio HiFi, 100
gaming consoles
Disassembly site (in Manual fractionation of end-of-life electric and electronic wastes 500
an electronic waste
recycling plant)
Shredding site (in an Mechanical shredding of monitors and television screens 300

electronic waste
recycling plant)

In addition, three samples of 100 mg of sieved dust from
each of the four workplaces were spiked with internal stand-
ards at the same concentrations.

All the spiked samples underwent an extraction and puri-
fication method (Pomata et al. 2014; Buiarelli et al. 2017,
Pomata et al. 2020; Simonetti et al. 2020) by ASE. After 3
twice-cycle extractions with 6 mL n-hexane and 6 mL ethyl
acetate, OPEs were completely extracted. PFASs quanti-
tative extraction was reached with a further extraction by
2-propanol-methanol (90:10). As illustrated in previous
papers, hexane replaced dichloromethane, deemed unsuit-
able, due to its capability to solubilize plastic fragments pre-
sent in the dust samples, providing poorly purified extracts
(Simonetti et al. 2020). Florisil for clean-up was directly
added to the extraction cell. Hexane and ethyl acetate
extracts were collected together in the same vial, and suc-
cessively, the solution was split into two aliquots, only one
of which was reunited with a 2-propanol-methanol extract.
Then, the two solutions were concentrated to dryness under
nitrogen, filtered through regenerated cellulose filters, using
glass syringes, and evaporated again under nitrogen. The
solution coming from n-hexane/ethyl acetate extraction was
reconstituted in toluene (50 uL) for analysis by GC-MS. The
second solution was reconstituted in methanol (50 uL) for
analysis by HPLC/MS—MS. Both the solutions were filtered
through PVDF membranes just before injection. The analyti-
cal procedure is illustrated in the block diagram of Fig. 1.

Calibration curves

For the purpose of studying the instrumental parameters
and the linearity range of the compounds under study, cali-
bration curves for each analyte were built starting from
six standard solutions with increasing analyte concentra-
tions, and constant concentrations of the labeled internal
standard (IS). Concentrations ranged from 10 to 1500 pg/L
for OPE and from 10 to 300 ug/L for PFAS; TCEP-d,,

and TPhP-d, 5 concentrations were 750 pg/L, and TBP-d,;
concentration was 500 pg/L. PFAS internal standards have
been added at a concentration of 400 pg/L, starting from
a mixture of deuterated PFBA, PFHxA, PFOA, PENA,
PFDA, PFUDA, PFDoDA, PFHxS, and PFOS.

To carry out the quantitative analysis of the investi-
gated analytes in the environmental samples, matrix
curves obtained with the standard addition method were
constructed. Standard addition curves were obtained by
linear least-squares regression of LC/MS—-MS or GC/MS
responses (y) versus the added amount of analytes (x) after
analysis of spiked SRM samples prepared, as described in
“Analytical procedure protocol.” The solutions were also
re-injected after dilution of 1:2 and 1:100 for results out-
side the detectable range.

These standard addition curves were used to deter-
mine the concentrations of compounds present in SRM
by extrapolation to the x-intercept (obtained by the ratio
of the intercept “a” and the slope of regression line “b”).
The error on the result was calculated by the error on a
and b predicted from all measured values of y, based on
the following formula:

)
sxe — Syl 1 + y—_
b \n DY(x—X?

where b is the slope of standard addition plot; X and
§ are the centroids of the points x;, y;; n is the number of
standard addition points; and s, is the standard deviation
of y/x (Miller and Miller 1993).

Then, the concentrations of analytes already present in
the SRM were subtracted to each data point of the line of
least squares. The so-shifted curves, passing near the ori-
gin of the axes, were used as matrix-matched calibration
curves. The matrix-matched calibration curves overcame
uncertainties and matrix interferences for the dust sam-
ples. Each solution was injected three times.
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spiked samples:
* SRM2585
* blank
* sieved dust
in ASE cell with florisil

First extraction with
6 mL n-hexane, 6
mL ethyl acetate

Second extraction
with
2-propanol-
methanol (90:10)

50% extraction solution
n-hexane/ethyl acetate

n-hexane-ethyl acetate + 100% extraction
solution 2-propanol/methanol

50% extraction solution

* First evaporation

* Filtration (cellulose filters and glass syringe)
* Second evaporation

* Recostitution with toluene 50 pL

* First evaporation

* Filtration (cellulose filters and glass syringe)
* Second evaporation

* Recostitution with MeOH 50 pL

Filtration through PVDF
membranes GC-MS analysis

Fig. 1 Block diagram of the analytical procedure

Recovery

OPE and PFAS recoveries were determined after the
evaporation step, after the first extraction (n-hexane/ethyl
acetate), and after the second extraction (n-hexane/ethyl
acetate/2-propanol/methanol). Upstream and downstream
solutions were prepared by adding OPE and PFAS stand-
ard solutions (concentrations in the final solutions of 50
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Filtration through PVDF
membranes HPLC-MS/MS analysis

pL equal to 240 ng/mL, 1000 ng/mL, and 1500 ng/mL
for OPEs, and 25 ng/mL, 150 ng/mL, and 300 ng/mL for
PFASs), before and after the analytical procedure, and
adding the IS just before chromatographic injections. The
results were compared.

Extraction recovery can be considered as the recovery
of the method since it includes evaporations and filtrations.
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As part of the recovery tests, to demonstrate the neg-
ligible extraction of PFASs in n-hexane/ethyl acetate, this
extraction solution was also analyzed by HPLC/MS-MS
after reconstitution in methanol.

LODs and LOQs

LODs and LOQs were obtained by six blank samples (ASE
cells packed with florisil spiked with IS) subjected to the
analytical procedure described in Fig. 1. The following for-
mulas were used to calculate LODs and LOQs:

Y_
Lop=-2"4
m

with
Yp =g +3c
and

YQ—q
m

LOQ =

with

where m and ¢ are slope and y-intercept of the calibration
curves, and p is the mean blank signal intended as the ratio
of the areas analyte/IS and o its standard deviation.\

Intra and inter-day repeatability

The intra and inter-day repeatability was assessed by cal-
culating the relative standard deviation of the instrumental
responses obtained through replicate measurements. An
RSD <25% was considered acceptable.

Results and discussion
GC/MS conditions

In order to identify quantifier (Q) and qualifier (q) ions,
toluene solutions of pure standards at a concentration of
50 pug/mL were injected into GC-MS for the acquisition in
full scan. GC-MS conditions were as follows: He flow rate,
1 mL/min; splitless; injection volume, 1 pL; injection tem-
perature, 250 °C; ionization temperature, 230 °C; ionization
mode, electronic impact at 70 eV; and solvent delay, 10 min.
For the alkyl OPEs (TPrP, TBP, and TEHP), a characteristic
fragment m/z=99, corresponding to three successive Mc
Lafferty rearrangements (Ma and Hites 2013), was identi-
fied and used as Q ion. Their q ions were respectively: 141,
183, 155, 211, and 113. Brandsma et al. (2013) suggest the

use of a Q ion different from 99 due to interferences in the
dust matrix. In the present study, the use of a DB17 column
instead of a DBS5 and the direct clean-up at high pressure
and temperature in ASE overcame the problem. For the
TCPP, the most intense fragment observed (q ion m/z=125)
results from McLafferty rearrangements, while the fragment
miz=277 (Q ion) results from the loss of an alkyl chloride.
The presence of chlorine in the latter fragment is confirmed
in the spectrum by an M +2 ion with an intensity equal to
1/3 (characteristic isotopic pattern of >Cl and *’Cl). The
intensity of the molecular ion in OPEs is generally negligi-
ble, exclusively for TPhP (molecular ion=326) and TMTP
(molecular ion =368) the radical cations coincide with Q,
while q ions are 77 (phenyl group) and 215, for TPhP and
91 (methylbenzene group) and 165 for TMTP. The most
intense fragment of TCEP, m/z=249 (Q), results from the
loss of an atom of chlorine; m/z=63 (q) corresponds to ethyl
chloride; the fragment m/z =205 (q) is obtained from the
fragmentation in o at the phospho-ester bond. The fragment
mi/z=57 (q) of TBEP corresponds to a linear alkyl chain; the
ion m/z=125 (Q) is produced by two McLafferty rearrange-
ments and the loss of an ethereal group; the other q ion is
m/z=_85. TDCPP most intense fragment results from three
consecutive McLafferty rearrangements (m/z=99, used as q)
and from the generation of alkyl chloride (m/z="75, used as
Q); m/z=191 is used as an additional q fragment. The degra-
dation in the column of TCEP, TBEP, and TDCPP registered
in previous works (Brandsma et al. 2013) was not significant,
most probably thanks to the use of the DB17 column, cho-
sen after having ascertained a fast loss of efficiency of the
DBS5 column, during the setting up of the method. Finally,
EHDPHP fragment m/z=251 (Q) is the result of a McLaf-
ferty rearrangement, while the ion m/z =94 (q) corresponds
to the phenol; m/z=170 is used as an additional qualifier
fragment. Similarly to native compounds, the perdeuter-
ated OPEs exhibited the following fragments m/z: TBP-d,,
103(Q), 167, and 231 (q); TCEP-d,, 261 (Q) 67 and 148 (q);
TPhP-d;5 341(Q) 82 and 70 (q). Regarding chromatographic
conditions, the chromatograph was equipped with a DB17
column and helium was used as the carrier gas at a constant
flow rate of 1 mL/min. The temperatures of source, transfer
line, and injector were set equal to 230 ‘C, 300 °C, and 250
°C, respectively. The separation was started at 80 ‘C with
the temperature programmed at a ramp rate of 10 °C min~!
to 166 °C, followed by a 30 °C min™' ramp to 235 °C (6 min
hold); then a ramp rate of 5 °C min™' to 262 °C, finally a 30
°C min™! ramp to a final temperature of 300 ‘C with a hold
time of 5 min. The toluene solutions were injected as they
were for TPrP, TMTP, TEHP, and TBP; after a dilution of
1:2 for TCEP, TPhP, TCPP, EHDPhP, and TDCPP, TBEP
was analyzed after a dilution of 1:100. Table 2 summarizes
ions (m/z) and retention times (RT).
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Table 2 Abbreviations, compound names and CAS of the analyzed 4-6). Precursor and product ions (quantifiers underlined) and RT used
compounds (column 1-3). Ions used for Quantification (Q) and as for OPEs and PFASs analyzed by HPLC/ESI-MS-MS (columns 7-9)
qualifiers (q) of OPEs in GC/MS and Retention times RT (column

Abbreviation Compound name GC/EI-MS-MS HPLC/ESI-MS-MS
CAS (n) Q (m/z) q(@m/z) RT (min) Precursor Productions (m/z) RT (min)
ion (m/z)

TEP Triethyl phosphate 78-40-0 99 155,127 9.9 183 99, 127 8.1

TPrP Tripropyl phosphate 513-08-6 99 141, 183 13.6 225 99, 141 15.7

TBP-dy, Tributyl-d,; phosphate 103 167,231 15.6

TBP Tributyl phosphate 126-73-8 99 155,211 15.7 267 155,99 20.1

TCPP Tris(1-chloro-2-propyl)phosphate  13,674-84-5 277 125 17.0 327 99, 174 15.9

TCEP-d,, Tris(2-chloroethyl)-d,, phosphate 261 67,148 17.2

TCEP Tris(2-chloroethyl)phosphate 115-96-8 249 63,205 17.3 285 63,99 10.6

TEHP Tris(2-ethylhexyl) phosphate 78-42-2 99 113 21.9 435 99, 323 26.5

TBEP Tributoxy ethyl phosphate 78-51-3 125 57,85 23.6 399 199, 299 20.7

TDCPP Tris(1,3-dichloro-2-propyl) 13,674-87-8 75 99,191 242 431 99, 209 18.6
phosphate

EHDPhP 2-Ethylhexyldiphenyl phosphate ~ 1241-94-7 251 94,170 253 363 251,77 22.5

TPhP-d; Triphenyl-d, 5 phosphate 341 82,70  27.0

TPhP Triphenylphosphate 115-86-6 326 77,215 272 327 11,152 18.8

TMTP Tri-m-tolyl phosphate 563-04-2 368 91,165 29.5 369 91, 166 21.8

PFBA Perfluoro-n-butanoic acid 375-22-4 213 169 4.29

PFPeA Perfluoro-n-pentanoic acid 2706-90-3 263 219 9.24

PFBS Potassium perfluoro-1-butane- 29,420-49-3 299 80, 99 10.22
sulfonate

PFHxA Perfluoro-n-hexanoic acid 307-24-4 313 269, 119 12.7

PFPeS Sodium perfluoro-1-pentanesul-  630,402-22-1 349 80,99 13.15
fonate

genX (HFPO-DA) Ammonium perfluoro(2-methyl-  62,037-80-3 285 185, 169 13.44
3-oxahexanoate)

PFHpA Perfluoro-n-heptanoic acid 375-85-9 363 319, 169 15.04

PFHxS Sodium perfluoro-1-hexanesul- 82,382-12-5 399 99, 80 15.2
fonate

PFOA Perfluoro-n-octanoic acid 335-67-1 413 369, 169 16.8

PFHpS Sodium perfluoro-1-heptanesul-  21,934-50-9 449 99, 80 16.87
fonate

PFNA Perfluoro-n-nonanoic acid 375-95-1 463 419, 169 18.21

PFOS Sodium perfluoro-1-octanesul- 96,0315-53-1 499 99, 80 18.23
fonate

PFOSA Perfluorooctane sulfonamide 754-91-6 498 29 18.23

CI-PFESA Potassium 9-chlorohexade- 73,606—-19-6 531 351,83 18.82
cafluoro-3-oxanonane-1-sul-
fonate

PENS Sodium perfluoro-1-nonanesul- 98,789-57-2 549 99, 80 19.38
fonate

PFDA Perfluoro-n-decanoic acid 335-76-2 513 469, 169 19.5

PFDS Sodium perfluoro-1-decanesul- ~ 2806-15-7 599 80,99 20.36
fonate

PFUDA Perfluoro-n-undecanoic acid 2058-94-8 563 269, 519 20.4

PFDoA Perfluoro-n-dodecanoic acid 307-55-1 613 569, 269 21.27

MeFOSA n-Methyl perfluorooctane sul- 31,506-32-8 512 219, 169 21.7
fonamide

PFDoS Sodium perfluoro-1-dodecane- 120,226-60-0 699 99, 80 21.9
sulfonate
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Table 2 (continued)

Abbreviation Compound name GC/EI-MS-MS HPLC/ESI-MS-MS
CAS (n) Q (m/z) q(@m/z) RT (min) Precursor Productions (m/z) RT (min)
ion (m/z)
PFTrDA Perfluoro-n-tridecanoic acid 72,629-94-8 663 619, 169 21.98
EtFOSA N-Ethyl perfluorooctane sulfona- 4151-50-2 526 219, 169 22.2
mide

PFTeDA Perfluoro-n-tetradecanoic acid 376-06-7 713 369, 669 22.61
PFHxDA Perfluoro-n-hexadecanoic acid 67,905-19-5 813 769, 269 23.6
PFODA Perfluoro-n-octadecanoic acid 16,517-11-6 913 169, 869 24.35

OPE order is based on RT in GC; PFASs are listed according to the increasing RT in HPLC

HPLC/MS-MS conditions

All the OPEs were also analyzed in HPLC/ESI-MS-MS
together with PFASSs, in a single run. Solutions of 10 ug/
mL in ammonium formate (10 mM)/MeOH (50:50) were
infused in ESI-MS-MS to obtain the best parameters to
analyze the compounds in MRM mode. The polarity was
positive, and the precursor ions were [M +H]" for all the
OPEs; OPE common qualifier fragment was the alkyl chlo-
ride group separating from the phosphate group during cell
fragmentation. The polarity was, instead, negative, and the
precursor ions were [M-H]™ for all PFASs. The fragments
used for quantifiers and qualifiers are in agreement with the
data found in the literature (Arsenault et al. 2007). Briefly,
the carboxylate anion fragment [M-H-CO,]™ and the small
and less intense fragment [C;F;]™ were used as qualifiers for
perfluorocarboxylic acids. From quasi-molecular ion of per-
fluoroalkane sulfonic acids, the two fragments [SO;]™ and
[SO;F]~ were generated and used as qualifiers. Gas tem-
perature was 300 C, the gas flow was 2 L/min, the nebulizer
was set at 60 psi, the capillary voltage at 2000 V, and the
nozzle voltage at 1200 V; sheat gas temperature and flow
rate were set at 200 “C and 11 L/min; collision energy was in
the range 1-78 eV, and fragmentor voltages were 70-240 V
for OPEs and 71-198 V for PFASSs, depending on the ana-
lyte. Regarding OPEs, cell accelerator voltage was 1 V for
all the analytes, except for TPhP at 0 V and EHDPhP at
4 V; regarding PFASs, the cell accelerator voltage was 0 V.
Table 2 summarizes the ions (m/z) used for quantification
(Q) and as qualifiers (q) for each compound. HPLC gradient
analysis of OPEs and PFASs is performed in about 30 min.
The column temperature was maintained at 40°C. The use
of a 30 mm C18 guard column, between the pump and the
injector, showed some capacity to reduce interferences pre-
sent in the solvents and due to the detection system itself
(Brandsma et al. 2013). The mobile phase, consisting of A,
5 mM in ammonium formate and B methanol added with

5 mM ammonium formate, was used. The water/methanol
gradient was run at a flow rate of 0.2 mL/min starting at 30%
B that, after 3 min isocratic hold, was increased linearly to
100% in 22 min, kept at 100% for 3 min. The injection vol-
ume was 5 uL.. The methanol solutions were injected as they
were and after a dilution of 1:2 and 1:100. Calibration curves
of TCPP, PFOSA, CI-PFESA, MeFOSA, and EtFOSA in
solution had good R?, but the same compounds in the dust
matrix did not give an acceptable calibration curve. Table 2
summarizes the retention times (RT) and the ions monitored.

Linearity, repeatability, LOD and LOQ,
and recoveries

Solvent calibration curve linearity

Starting from solvent calibration curves, good linearity
was obtained in the investigated concentration range
for each analyte, as demonstrated by R” values between
0.928 and 0.988 for OPEs and between 0.948 and
0.999 for PFASs in liquid chromatography. An excep-
tion is HPLC analysis of TCPP, suffering from inter-
ference that is caused by solvent impurities, despite the
use of ultrapure solvents (§ 2.1) and of guard column
(§ 3.2). OPEs in GC showed an R? value range between
0.9934 (EHDPhP) and 0.9978 (TBEP). Interference
caused by solvent impurities precluded the determina-
tion of TEP.

Solvent calibration curve repeatability

The inter-day repeatability was 1—17%; the intra-day
repeatability was 2—25% for OPEs in liquid chroma-
tography. Inter-day and intra-day repeatabilities were
1—4.5% and 1—5% for OPEs in gas chromatography.
For PFASs, the inter and intra-day repeatabilities,
expressed as RSD%, were 1—24% and 1—-25%.
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n-Hexane/ethylacetate extraction recovery for OPEs
analyzed by GC/MS was in the range 57 + 6-97 +

Matrix-matched calibration curve linearity
and repeatability

Statistical parameters of the method were also calcu-
lated from matrix-matched calibration curves (§ 2.4).
OPEs in GC showed R? values ranging from 0.9365 to
0.9998. The inter-day repeatability was in the range of
1—12%, and the intra-day repeatability was 0.2—22%.
R? values of OPEs in HPLC ranged between 0.9287
(TCEP) and 0.9989 (TBP). OPEs showed inter-day
repeatability in the range of 5—22% and intra-day
repeatability of 4—25%. R? of PFASs ranged between
0.928 (PFNA) and 0.999 (PFNS). PFAS inter-day
repeatability was 3—14%, and intra-day repeatability
was 6—19%.

8% (TPrP-TEHP); in the second extraction solution
(n-hexane/ethylacetate/2-propanol/methanol), recovery
of OPE analyzed by HPLC/MS-MS was in the range
49 + 10-115 + 15% (TEP-TBEP).

Regarding PFASs, evaporation recovery was in the
range 69 + 25-113 + 24% (PFPeA-PFNS). PFAS
extraction recovery was calculated by both n-hexane/
ethylacetate and n-hexane/ethylacetate/2-propanol/
methanol solutions (§ 2.5). The first solution recovery
was in the range of about 0-5% (most PFASs—PFBS),
demonstrating that PFASs were not extracted from
either n-hexane or ethyl acetate. In the second extrac-
tion solution (after adding 2-propanol/methanol),

recovery of PFASs was in the range 45 + 23-103 +
24% (PFNA-PFDoS). MeFOSA and EtFOSA recov-
eries were about 15% and 13%, and these two PFASs
were excluded from the following investigations.

Matrix-matched calibration curve LODs and LOQs

In GC, OPE LODs ranged from 6.4 ng/g of TMTP
to 221.1 ng/g of TEHP; LOQs ranged from 7.6 ng/g
of TMTP to 461 ng/g of TBEP. In HPLC, OPE LOD
values ranged between 7.9 ng/g (TEP) and 457.1 ng/g
(EHDPhP); LOQs ranged between 10.2 ng/g (TEP)
and 510.3 ng/g (EHDPhP). For PFAS, the lower LOD
was 0.03 ng/g of PFPeS, the higher value was 2.50
ng/g of PFOSA. LOQs values ranged between 0.08
ng/g (PFPeS) and 8.33 ng/g (PFOSA).

OPE and PFAS concentrations in house dust SRM
2585

The concentrations of compounds present in the samples
were obtained by extrapolation of the standard addition
curves mentioned above to the x-intercept.

Table 3 shows OPE concentrations (ng/g) found with GC/
MS and HPLC/ESI-MS-MS compared to the reference mass
fraction both reported in the NIST certificate of analysis and
found in the literature (Van den Eede et al. 2011; Ali et al.
2012; Bergh et al. 2012; Van den Eede et al. 2012; Brandsma
et al. 2013; Cristale and Lacorte 2013; Ionas and Covaci

Recovery

Evaporation recovery for OPE was in the range 58 +
9-115 + 20% (TPrP-TBEP).

Table 3 O_PE . OPEs GC/EI-MS results  HPLC/ESI-MS/MS  NIST certifi- Literature data n

concentratlons—l_j SD (ng/g) in cate of analysis

SRM 2585 obtained by both

GC and HPLC, compared with TEP nd 56+18 33 (14-44) 3

NSTeiene sfamdiond e St aa !

means and minimum and TCEP 830+ 100 856+ 163 776-1074 903 (680-1260) 21

maximum values with TPhP 1535+112 1153 +339 1060-1320 1045 (750-1520) 20

n=number of reference* TCPP 900+ 152 nd 870-1570 1198 (624-4100) 20

results) EHDPhP 12184252 12804258 1170 (90-2223) 11
T™MTP 384 +44 445+ 114 568 (35-1100) 2
TDCPP 2973 +381 2981+254 2177 (1372-3000) 18
TEHP 294 +20 288 +20 358 (253-410) 3
TBP 299+19 305+76 262-290 251 (140-593) 15
TBEP 60,843 +9309 47,353 +7198 60,099 (14,700-86,000) 13

“References: Van den Eede et al. 2011; Ali et al. 2012; Bergh et al. 2012; Van den Eede et al. 2012;
Brandsma et al. 2013; Cristale and Lacorte 2013; Ionas and Covaci 2013; Murray et al. 2013; Fan et al.
2014; Stapleton et al 2014; Luongo and Ostman 2016; Allgood et al. 2017; Kademoglou et al. 2017; Pawar
et al. 2017; Wong et al. 2017; Bjornsdotter et al. 2018; Phillips et al. 2018; De la Torre et al. 2020;Gill
et al. 2020;Lee et al. 2020;Mercier et al. 2020;Kassotis et al. 2021;Yu et al. 2021
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2013; Murray et al. 2013; Fan et al. 2014; Stapleton
et al. 2014; Luongo and Ostman 2016; Allgood et al.
2017; Kademoglou et al. 2017; Pawar et al. 2017; Wong
et al. 2017; Bjornsdotter et al. 2018; Phillips et al. 2018;
De la Torre et al. 2020; Gill et al. 2020; Lee et al. 2020;
Mercier et al. 2020; Kassotis et al. 2021; Yu et al. 2021).

OPE concentrations (ng/g) found in the literature were
averaged over the number of values (n), also shown in
Table 3. In brackets, the minimum and maximum concen-
trations found in the literature are reported.

The comparison of concentrations with NIST-certi-
fied data showed good agreement for the four OPE com-
pounds reported in the certificate of analysis. Although
the accuracy cannot be determined for all the other
OPEs, all values fall within the concentration ranges
found in the literature.

Comparison of OPE results from GC and HPLC meth-
ods showed a good agreement. Discrepancies were found
for TEP, TCPP, and TPrP. The first one was only detected
by HPLC; the other two compounds were detected by
GC. TEP and TCPP analysis suffered from interference
caused by solvent impurities, despite the use of ultrapure
solvents and the use of a guard column just before injec-
tor in HPLC/MS-MS system (§ 3.2). For TPrP in HPLC,
interference from coeluting compounds unfortunately
occurs in the extracts of a matrix as complex as dust.
As negligible differences are observed for all the other
compounds, both chromatographic methods can be used
for detecting OPE.

Table 4 shows PFAS results studied here (ng/g), com-
pared to both NIST concentrations in the certificate of
analysis and data found in the literature (Bjorklund et al.
2009; Reiner et al. 2015; Winkens et al. 2018; Giovanou-
lis et al. 2019; Hall et al. 2020; Harrad et al. 2020; Kas-
sotis et al. 2021; Padilla-Sanchez and Haug 2016). Litera-
ture data are reported as the average of the n values found
for each compound (last column in Table 4). In brackets,
the minimum and maximum values are shown. The pre-
sent results are in good agreement with data in the NIST
certificate and/or are within literature data.

Both OPE and PFAS wide ranges of values found in
the literature confirm the difficulty of analysis of these
two classes of compounds.

The consistency of the results obtained by the two
methods for OPEs and by comparing the OPE and PFAS
present data with literature results indicates that the pre-
sent extraction and clean-up method has a good potential
for rapid and effective characterization of both OPEs and
PFASs in a matrix as complex as dust. Therefore, the
method was applied to environmental samples collected
in workplaces.

Table4 PFAS concentrations+SD (ng/g) in SRM 2585 obtained
by HPLC, compared with NIST certificate of analysis and literature
values (arithmetic means and minimum and maximum values with
n=number of reference* results)

PFASs HPLC/ESI-MS/ NIST Literature data  n
MS certificate of
analysis
PFBA 119+20.3 214-246 197 (55-283) 10
PFPeA 216+11.8 204 (67-277) 9
PFBS <LOQ 43 (5-130) 11
PFHxA 254+31.9 235-285 294 (185-474) 11
PFPeS 11+2.9
genX <LOQ
PFHpA 259+24 217-281 280 (205-440) 11
PFHxS 687 +139 1190-1690 1427 (1153- 12
1630)
PFOA 601 +85.8 595 (430-760) 12
PFHpS 13+1.6 26 (11-43.4) 3
PFNA 100+£26.4 94.5-104.3 87 (65-103) 12
PFOS 2759 +483 1890-2730 2114 (1401- 8
2539)
PFOSA n.d 6 (5-8) 2
CI-PFESA n.d
PFNS 45+1.1
PFDA 7715 49 (24-67) 11
PFDS 395+72 401 (188-612) 3
PFUDA  53+6.2 41 (26-56) 7
PFDoA 38+5.6 30.1-39.1 36 (32-41) 6
MeFOSA nd 50 1
PFDoS 2+0.5
PFTrDA  29+6.3 24.8-34 24 (4-30) 5
EtFOSA  nd
PFTeDA 24+64 18 (3-31) 5
PFHxDA 10+3.5
PFODA  2+0.6 31 1

*ijrklund et al. 2009; Reiner et al. 2015; Winkens et al. 2018;
Giovanoulis et al. 2019; Hall et al. 2020; Harrad et al. 2020; Kassotis
et al. 2021;Padilla-Sanchez and Haug 2016

OPE and PFAS concentrations in dust samples
collected in workplaces

Dust samples collected, prepared, and analyzed as described
above were quantified using matrix-matched calibration
curves obtained, as described in “Calibration curves.” Only
OPE blank values (obtained as described in § “Analytical
procedure protocol”) were subtracted since PFAS blanks
were negligible.

Table 5 shows OPE, and Table 6 shows PFAS concentra-
tions (ng/g) found in the four sampling sites tentatively com-
pared with the data from the literature. Data are expressed
as mean value + uncertainty computed at the 95% level of
confidence.
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Table 6 PI_:AS PFASs (ng/g) Mechanical Electronic Disassembly Shredding Zhang et al.
COl’lCCI:ltI‘El‘thIlS * S],) (ng/g) workshop repair center (2020)
found in four working places E-waste area
PFBA 13+£2.2 6+1 4+0.7 1+0.3 3.16-51
PFPeA <LOQ 3+0.2 <LOQ n.d 1.42-10.4
PFBS n.d n.d 1743 + n.d <L0OQ-56.3
PFHxA 5+0.7 10+1.2 7+0.9 n.d <LOQ-7.81
PFPeS n.d n.d n.d n.d
genX n.d n.d n.d n.d
PFHpA 11+1.1 8+0.7 4+04 n.d <LOQ-7.90
PFHxS <LOQ <LOQ n.d n.d <LOQ-17.3
PFOA 96+ 14 60+8.5 68 +9.7 <LOQ 5.07-53.8
PFHpS n.d n.d n.d n.d
PFNA 89+12 21+2.8 10+1.3 <LOQ 1-9.06
PFOS 93+16 38+6.7 53+9.3 <LOQ <LO0Q-207
PENS ~ LOD n.d n.d n.d
PFDA 15+3.8 17+4.2 54+14 <LOQ <LOQ-11.8
PFDS 55+10 n.d n.d <LOQ <L0Q-9.61
PFUDA 16+1.9 10+1.1 4+0.5 2+0.2 1.07-8.56
PFDoA 11+1.6 11+1.6 3+0.5 n.d <L0Q-9.71
PFDoS n.d n.d n.d n.d
PFTrDA 9+2 5+1 3+0.6 n.d
PFTeDA 10+£2.6 13+3.3 3+0.7 n.d
PFHxDA 2+0.8 33+1.1 n.d n.d
PFODA n.d n.d n.d n.d
2PFASs 425 254.3 334.7 3

Grey columns show literature data

The disassembly site showed a high concentration of
OPEs in the settled dust, mainly due to TPhP, TBEP, and
TDCPP. OPE high concentrations are expected because all
the collected dust originated from the manual fractionation
of end-of-life personal computers, printers, scanners, dis-
play devices, small household appliances, telecommunica-
tion equipment, cellular phones, and electronic systems. The
process involves the use of tools such as tongs, screwdriv-
ers, and chisels, to selectively retrieve valuable parts, and
hammers to crush larger parts such as plastic cases to make
smaller parts (Van Der Veen and De Boer 2012).

High total OPE concentration in electronic repair center
is mainly due to TBEP, corresponding to 93% of the total.
TBEDP is the most common OPE used as plasticizers in plas-
tics and rubber, in acrylic-based polishes, lacquers, paints,
textiles, but the high concentration would suggest the use of
a washing and cleaning product containing TBEP as leveling
agent and defoamer.

Although the mechanical workshop showed lower OPE
concentrations, TBEP at this site also showed to be more
than 90% of all OPEs. Why TBEP is the OPE present in
the largest percentage is unclear. TBEP is a multifunctional
additive essential to many polymer formulations and is also

used in acrylic-based polishes and in acrylic gloss paint for-
mulations, and these sources may have caused the higher
percentage with respect to the other OPEs. The lower con-
centrations of all the other OPEs in the mechanical work-
shop were expected since the main operations consisted in
manufacturing and repairing complex precision components
and prototypes, also made of metal, glass, and wood and
electrical devices, had a limited impact on dust production.

Shredding site dust analyses showed OPE results below
the limits of detection. In shredding sites, only glass of
monitors and television screens were mechanically shredded
and reduced to dust. For the same reason, PFASs were also
found in very low concentrations. Concerning the PFAS in
the other three sites, the concentrations were similar to each
other and lower than house dust.

Most of the literature regarding OPEs and PFASs refer
to house dust samples and schools and offices dust sam-
ples. From literature data, settled dust shows OPE concen-
trations different from 3 to 5 orders of magnitude, depend-
ing on the sampling site (Luongo and Ostman 2016). There
is very little literature concerning flame retardants in work-
places different from offices. One of the ten sites investi-
gated for OPEs in Stockholm (Bergh et al. 2011) consisted
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of a small mechanical workshop. In Nanjing (Zhao et al.
2020), an electronic product maintenance center was also
investigated for OPEs. PFASs were analyzed in settled
dust from a dismantling E-waste area in China (Zhang
et al. 2020). Different from the electronic product main-
tenance center by Zhang, reporting low OPE amounts in
settled dust, the small mechanical workshop in Stockholm
showed concentrations in the same order of magnitude
than the electronic repair center and the disassembly site
investigated in the present study (Bergh et al. 2011). PFAS
content found in the disassembly area was comparable to
that found in an E-waste area in China (Zhang et al. 2020).
The results from this study show that, in settled dust of the
disassembly site and in the electronic repair center, OPEs
detected were more than 1.5 and 8times higher than house
dust, respectively. The concentrations found in the dif-
ferent workplaces are quite different, and only two of the
four settled dusts examined contain such amounts of flame
retardant as to lead to increased adverse health effects in
workers. Therefore, also due to the poor predictability
in the content of toxic substances, studies are needed to
investigate the potential increased exposure of workers in
analogous workplaces. On the contrary, house dust was
much richer in PFASs than the dusts settled in the work-
places, showing that homes can cause high exposure to
pollutants as well.

Conclusions

Human exposure to organophosphates and polyfluorinated
organic compounds has been demonstrated to be increas-
ingly widespread. Not negligible indoor concentrations of
these toxic compounds have been detected in the dust of
houses, offices, day care centers, and schools. The pres-
ence of OPEs and PFASs in house dust suggests a con-
tinuous high exposure to these pollutants of a large part
of the world population. Additional exposure to the same
pollutants in the workplace can result in potential chronic
human health effects. Yet, scarce literature is found on
their occurrence in those workplaces where electric and
electronic equipment is manufactured, fixed, stored, or dis-
posed. In this study, an analytical method was evaluated
for its suitability to simultaneously analyze 11 OPEs and
26 PFASs in the same sample of dust.

Thanks to the positive results obtained with standard
reference material from house dust, the method was used
to investigate the settled dust in a mechanical workshop,
an electronic repair center, a disassembly site, and a shred-
ding site inside two electronic waste recycling plants.

Although the work is preliminary and consists of only
four site results, however, some basic considerations

@ Springer

can be made, above all for the consistency of the results
obtained with respect to those in literature.

In these sites, we demonstrated that OPE concentrations
can be higher than those found in house dust and cause
additional exposure for workers.

Future work should focus on identifying flame retard-
ants in specific workplaces with a predominant presence
of electric and electronic devices.
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