Journal of Chromatography A 1668 (2022) 462911

Contents lists available at ScienceDirect

Journal of Chromatography A

journal homepage: www.elsevier.com/locate/chroma

Green methodology based on active air sampling followed by solid n
phase microextraction and gas chromatography-tandem mass
spectrometry analysis to determine hazardous substances in different
environments related to tire rubber

Daniel Armada? Maria Celeiro? Thierry Dagnac® Maria Llompart®*

ACRETUS, Department of Analytical Chemistry, Nutrition and Food Science, Universidade de Santiago de Compostela, E-15782, Santiago de Compostela, Spain
b Agronomic Research Centre (AGACAL-CIAM), Unit of Organic Contaminants, Apartado 10, E-15080, A Coruiia, Spain

ARTICLE INFO

Article history:

Received 13 December 2021
Revised 9 February 2022
Accepted 16 February 2022
Available online 24 February 2022

Keywords:

Air analysis

Crumb rubber

Gas chromatography-tandem mass
spectrometry

Hazardous compounds
Solid-phase microextraction

Tire rubber materials

ABSTRACT

A fast, efficient, and simple air sampling methodology was developed to study a high number of volatile
and semivolatile organic compounds in air above tire rubber materials and surfaces made of recy-
cled tire rubber. The proposed method, based on active sampling (solid-phase extraction, SPE) using
a small quantity of sorbent material (25 mg) followed by solid-phase microextraction (SPME) and gas
chromatography-tandem mass spectrometry analysis, was developed with the aim of determining 40 or-
ganics substances including polycyclic aromatic hydrocarbons (PAHs), plasticizers, antioxidants, and vul-
canization agents. An experimental design was carried out to study the influence of main factors such
as type of SPME fibre, solvent addition, headspace volume, stirring, as well as the factor interactions.
Method performance showed good linearity in a broad concentration range (0.05 to 200 ng m~—3, for
most compounds), with coefficients of determination (R?) higher than 0.9900. Whole method precision
(< 16 %) and accuracy were also satisfactory, obtaining quantitative recoveries (mean values between 80
and 110 % in most cases). Limits of detection and quantification have also been calculated, yielding val-
ues of sub ng m~3 for most compounds. The validated method was applied to outdoor and indoor air
environments including playgrounds, football pitches and warehouses showing the presence of most tar-
get compounds in the samples achieving high levels for some PAHs (concentrations up to 51 ng m~3),
benzothiazole (BTZ), diisobutyl- dibutyl- and di-(2-ethylhexyl)- phthalate, among others, reaching con-
centrations up to hundreds of ng m~3 (BTZ). This is the first time that the combination of techniques SPE
and SPME is applied for these families of chemicals, and it is also the first time that this approach is pro-
posed for the simultaneous multiclass compound extraction of substances of different chemical families.
The whole sampling and extraction procedure is performed in a short period of time (61 min) allow-
ing high throughput. The elimination of the use of organic solvents and waste generation by using only
25 mg of sorbent and a SPME fibre than are both reused makes the method sustainable and in conso-
nance with the principles of the green chemistry. The method can be implemented in any routine lab
and easily automated using a SPME autosampler.
© 2022 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Serbia, Switzerland, Turkey and United Kingdom) [2]. For this rea-
son, in last years, diverse ways of recycling ELTs have been im-

Tire waste management is a problem in most developed soci-
eties due to the increasing number of tires discarded each year
and the environmental problems associated with them [1]. As ex-
ample, in 2019, 3.45 million tonnes of end-of-life tires (ELTs) were
generated in Europe (27 European Union countries plus Norway,
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plemented to give old tires a second useful life [3]. In 2019, 94%
of ELTs were collected and treated for material recycling and en-
ergy recovery [2]. The most common and easy way to reuse ELTs
is the transformation in crumb rubber, a material that is employed
to construct new facilities such as children$ playgrounds or to be
used as infill in synthetic turf football pitches [4]. These recy-
cled products contain many substances, which can be harmful to
the environment and to human health such as polycyclic aromatic
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), alkylphe-
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nols, plasticizers, antioxidants, vulcanisation additives, benzothia-
zoles, chlorinated paraffins, heavy metals, among others [5-11].
PAHs are considered as persistent organic pollutants, and present
adverse properties such as carcinogenic, bioaccumulative, or toxic,
among others according to the European Chemicals Agency (ECHA)
[12]. Recent studies have demonstrated the diffusion of these and
other compounds from car tires and recycled crumb rubber to
the aquatic environment and to the atmosphere [13-15], where
they can be taken up through inhalation. Several individual PAHs
(benzo[a]pyrene, benzo[b]fluoranthene, benzo[k]fluoranthene and
indene[1,2,3-cd]|pyrene), total PAHs), as well as polychlorinated
biphenyls (PCBs) are monitored in air by the European Union
Member States, and results are provided in the Annual Emission
Report for Atmospheric Pollutants Directive [16]. Benzo[a]pyrene,
which is carcinogenic and toxic for reproduction, is regulated by
European Union with a maximum concentration level of 1 ng m—3
in particulate matter (PM;o) ambient air [17].

Air analysis is a difficult task that usually comprises a sampling
step using solid sorbents. Active and passive sampling strategies
can be carried out [18]. The number of studies intended to mea-
sure the pollutants spread out by car tires and recycled crumb rub-
ber into the surrounding air is very scarce. Several sampling meth-
ods, including lab-scale studies and in-situ sampling have been
employed. Some approaches based on SPME [13,19,20], active air
sampling [21-24] and passive sampling using common sorbents
(polyurethane foam, silicone samplers), have been reported for
monitoring PAHs, plasticizers and other compounds nearby artifi-
cial pitches [7,25]. However, there is not much information about
the composition of the air above rubber playgrounds and these
qualitative studies have been only performed at lab-scale using
SPME. The studies that include real sample analysis employed mul-
tistep extraction procedures based on Soxhlet extraction, liquid-
liquid and solid-liquid extraction requiring quite large volumes
(hundreds of mL) of organic solvents (hexane, dichloromethane,
etc.) [22,23,25] and long extraction times (from 45-120 min). In
addition, there is not much information about the composition of
the air above rubber playgrounds since only lab-scale qualitative
studies have been reported [6,26]. Active air sampling followed by
SPME was successfully applied for the determination of organic
compounds such as synthetic musks and fragrance allergens in air
[27,28]. In a previous study performed by the authors, a simple,
fast and sustainable methodology for the analysis of PAHs, plasti-
cizers, antioxidants and vulcanisation additives present in air ad-
jacent to tire rubber and crumb rubber materials was developed
[14].

Therefore, the main goal of this study is to develop a green
SPE-SPME procedure followed by GC-MS/MS analysis, for the anal-
ysis of PAHs, plasticizers, antioxidants and vulcanisation additives
present in air samples from tire rubber environments. To the best
of our knowledge, this is the first time that SPE followed by SPME
is proposed for the extraction and enrichment of these families
of hazardous compounds. The elimination of waste generation and
the use of negligible volumes of organic solvent make this method
a green and sustainable alternative. Critical SPME parameters (i.e.,
type of fibre, solvent addition, headspace volume, stirring) were
optimized by design of experiments (DOE) strategy to obtain the
highest extraction efficiency. The validated method was applied to
the analysis of real air samples collected in different environments
related to tire rubber or recycled tire rubber.

2. Experimental
2.1. Reagents and materials

The 40 target compounds, their CAS numbers, retention times,
and MS/MS transitions are summarized in Table 1 . Their inhala-
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tion reference doses [29] are also included in Table 1. Ethyl ac-
etate (EtAc, 99.5%), methanol (MeOH, 99.9%), and acetone (99.9%)
were supplied by Sigma-Aldrich Chemie (Stenheim, Germany). A
16 EPA PAH solution (2000 pug mL~1) was provided by Supelco
(Bellefonte, USA), B[j]F (2000 g mL-') and B[e]P (100 pg mL~1)
solutions prepared in dichloromethane were provided by Sigma-
Aldrich. For plasticizers, antioxidants and vulcanisation additives
individual stock solutions (10000-25000 pg mL-') were prepared
in methanol. Purity of the 40 target compounds ranged between 95
and 99%. Working mixtures were prepared in acetone. All solutions
were stored in amber glass vials at —20 °C. Glass wool and Tenax
TA porous polymer sorbent (mesh size: 60/80) was purchased from
Supelco (Stenheim, Germany). All reagents and solvents were of
analytical grade.

Commercial 100 pum polydimethylsiloxane (PDMS), 65 um
polydimethylsiloxane/divinylbenzene (PDMS/DVB), 50/30 um
divinylbenzene/carboxen/polydimethylsiloxane  (DVB/CAR/PDMS),
and 85 um polyacrylate (PA) SPME fibres and a manual SPME
holder were provided by Supelco. Before use, the fibres were
conditioned following manufacturer recommended instructions,
inserting them in the GC injector under helium flow at 250 °C
(PDMS and PDMS/DVB), 270 °C (DVB/CAR/PDMS) and 280 °C (PA)
for 30 min.

Since one of the studied families was plasticizers, the plastic
material was replaced by glass and metallic material to avoid pos-
sible contamination and overestimation in the results. All material
was also maintained at 230 °C for 12 h before use.

The Telstar S-8 vacuum pump was purchased from Telstar (Tar-
rasa, Spain). A flowmeter was used for the analyses in order to
measure the volume of air pumped. The pump was operated to
the maximum flow (3.6 m3 h=1).

2.2. Samples

Air sampling was performed at 8 different locations in sev-
eral municipalities of Galicia (NW Spain), comprising indoor, chil-
dren$ playground, tire warehouses and a warehouse containing
some recycled rubber material, and outdoor, synthetic turf football
pitches and playgrounds, environments. A detailed description of
the sampling areas is included in Supplementary Table S1. Air sam-
ples from outdoor children$ playgrounds were collected in outdoor
playgrounds in sunny days, both located in places where there is
almost no vehicle traffic. In the case of the outdoor playgrounds,
air of the surrounding area (approx. 25 m of distance to the play-
ground) was sampled to discard other potentially source of pol-
lution which could affect the assessment. In addition, one indoor
playground was collected in a shopping centre. Air from football
pitches was collected in areas with a low traffic density. In addi-
tion, air of the surrounding area (in the stands of the pitch, approx.
15 m, OFP2) was sampled to check whether exposure can affect
not only players, referees and technical staff, but also spectators.
Two tire warehouses without ventilation were also sampled. One
of them stored new car tires (TW1) and the other ELTs (TW2).

In addition, crumb rubber samples (0.2 g) employed as floor-
ing in the outdoor playgrounds (OP1, OP2) were subjected to UAE
(2 mL ethyl acetate, ultrasound bath at 50 kHz) during 20 min and
at 25 °C. The extracts were filtered through 0.22 um PTFE filters
and diluted (1:10, v/v) in ethyl acetate prior the analysis by GC-
MS/MS.

2.3. SPE procedure

Active air sampling conditions based on SPE, were adapted from
those previously optimized by the authors [14]. Briefly, 1 m3 of air
was pumped through 25 mg of sorbent (Tenax TA) packed on a
2 mL polypropylene cartridge employing a vacuum pump (Telstar
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Table 1
Target compounds, CAS number, retention time, MS/MS transitions and inhalation reference dose values.

Quantification and
identificationTransi- Inhalation reference Inhalation
RetentionTime tions (CE, value for general reference value for
Code Compound CAS (min) ev)? population (ug m3)  workers (ug m3)

PAHs

NAP Naphthalene 91-20-3 7.81 128-102(30),
128-78(25)

ACY Acenaphthylene 208-96-8 10.40 152—151(10), - -

(1
(3
ACE Acenaphthene 83-32-9 10.68 154—152(3
154—153(3
153—126(4
FLU Fluorene 86-73-7 11.52 166—165(1
166—163(1
(3
(3
(3
(3

PHN Phenanthrene 85-01-8 13.19 178—176
ANC Anthracene 120-12-7 13.28 178—176

FLA Fluoranthene 206-44-0 16.01 202—)200(3
202—201(3
202—176(3
PYR Pyrene 129-00-0 16.65 202—-200(3
m
202—176(3
B[a]A 56-55-3 20.85 228202
Benzo[a]anthracene 228226
CHY Chrysene 218-01-9 20.98 228226

B[b]F 205-99-2 25.00 252—250
Benzo[b]fluoranthene 250248

B[j]F 205-82-3 25.01 250248
Benzo[j|fluoranthene 250—249

B[K]F 207-08-9 25.10 252250
Benzo[k]fluoranthene 252226

Ble]P Benzo[e]pyrene 192-97-2 26.00 252250

B[a]P Benzo[a]pyrene 50-32-8 26.15 252250 1010730 [1] -
IND Indeno[1,2,3- 193-39-5 30.33 276274
cd]pyrene 276—250

D[ah]A 53-70-3 30.55 278276l
Dibenzo[ah]anthracene 278252

B[ghi]P Benzo[ghi|perylene 191-24-2 31.41 276—274

Plasticizers

DMA Dimethyl adipate 627-93-0 8.19 111-83(10), - -
114-71(15),
114—113(10)

DEA Diethyl adipate 141-28-6 9.59 157—-111(5), - -
157—83(15),
128-99(10)

DMP Dimethyl phthalate 131-11-3 10.24 163—77(20), - -
163—133(10),
163—135(10)

DEP Diethyl phthalate 84-66-2 11.40 176—149(10),
149—121(10)

DiBP Diisobutyl 84-69-5 13.64 149—65(25), 25¢ [2] -

phthalate 149-93(15),

149—121(15)

DBP Dibutyl phthalate 84-74-2 14.55 149—65(20), 20¢ [3] 130¢ [3]
149-93(15),
149-121(10)

DMEP Di(methoxyethyl) 117-82-8 14.91 149—65(20), - -

phthalate 149—-121(10),

104—76(10)

(continued on next page)
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Table 1 (continued)
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Code Compound CAS RetentionTime Quantification and Inhalation reference Inhalation
(min) identificationTransi-  value for general reference value for
tions (CE, population (ug m3)  workers (ng m)
ev)?
DIPP Diisopentyl 605-50-5 15.70 149--93(15), - -
phthalate 149—121(15),
237-149(10)
DPP Dipentyl phthalate 131-18-0 16.64 149—65(25), - -
149-93(15),
149-121(15)
BBP Benzylbutyl 85-68-7 19.20 206—149(10), 1700¢ [3] 9900¢ [3]
phthalate 149-93(15),
149-565(20)
DEHA Di(2-ethylhexyl) 103-23-1 19.72 129--101(5), - -
adipate 129-83(10),
147-101(10)
DIHP Diisoheptyl 41451-28-9 20.58 265->149(30), - -
phthalate 149—121(30),
149-565(30)
DCHP Dicyclohexyl 84-61-7 21.44 167—149(10), 630 [2] -
phthalate 149—65(25),
149-593(15)
DEHP Di(2-ethylhexyl) 117-81-7 21.64 167—149(10), 120 (child)® [4] 880 [4]
phthalate 149—-121(15), 160 (adult)c [4]
149--93(15)
DPhP Diphenyl phthalate 84-62-8 21.79 225—77(20), - -
225-115(30),
225-153(10)
DnOP Di-n-octyl 117-84-0 2431 149--93(15), - -
phthalate 149—121(15),
279->149(10)
DiNP Diisononyl 28553-12-0 24.94 293--149(30), 870 (child)® [2] -
phthalate 149-93(30), 1160 (adult)® [2]
149—-65(30)
DiDP Diisodecyl 26761-40-0 26.80 307->149(30), 380 (child)® [2] -
phthalate 149-65(30), 900 (adult)® [2]
149--93(30)
Vulcanizants and antioxidants
BTZ Benzothiazole 95-16-9 8.26 135--108(15), 135 - -
=91(10)
TBP 4-tert-butylphenol ~ 98-54-4 8.77 150-107(30), - -
150—135(30)
BHA Butylated 121-00-6 10.53 165—137(10), - -
hydroxyanisole 180—165(10),
137-77(20)
BHT Butylated 128-37-0 10.72 220—205(10), - -
hydroxytoluene 205—145(15),
205—177(10)

3 CE: Collision energy, expressed in electron volts (eV). Underlined MS/MS transition was the selected for quantification. ® For benzo[a]pyrene as a marker for PAH
mixture. ¢ Limit for a derived no-effect level (DNEL) [1]. European Commission. Ambient air pollution by Polycyclic Aromatic Hydrocarbons (PAH). Position Paper, 2]
A.G. Oomen, G.M. de Groot, G. M. Evaluation of health risks of playing sports on synthetic turf pitches with rubber granulate. National Institute for Public Health and
the Environment, 2017 [3]. ECHA, 24™ Meeting of the committee for risk assessment 5 - 8 MARCH 2013. RAC/24/2013/09 [4]. ECHA, 24" Meeting of the committee for

risk assessment 5 - 8 MARCH 2013. RAC/24/2013/08.

model S-8; Tarrasa, Spain) at a controlled flow of 3.6 m3 h—1). Af-
ter SPE, the sorbent with the retained compounds was placed into
a 10 mL glass vial and sealed with an aluminium cap furnished
with a PTFE-faced septum. Finally, SPME (see Section 2.4) and ul-
trasound assisted extraction (UAE) were performed under the op-
timized conditions (see Section 2.4). For UAE, the obtained extract
was filtered through polytetrafluoroethylene (PTFE 0.22 pm) filter,
and directly analyzed by GC-MS/MS.

2.4. SPME procedure

After SPE, the vial containing the sorbent with the retained
compounds was immersed in a controlled temperature water bath
(100 °C) for 5 min. Then, the PDMS/DVB coating fibre was exposed
to the headspace of the vial for 45 min without stirring (see opti-
mal conditions in Section 3.1.2). To promote the extraction of the
analytes, 100 pL of acetone were added. After the extraction time,
the SPME fibre was desorbed at 270 °C in the GC injection port
and GC-MS/MS analysis was carried out.

Optimization experiments, as well as the comparison with the
UAE procedure, were performed spiking the sorbent at 25 ng g~!
with the 40 target compounds.

To validate the method different concentrations of the target
compounds were employed to spike the sorbent (Tenax TA). Lin-
earity was assessed covering a concentration range from 0.05 to
200 ng g~!, with 12 concentration levels (0.05, 0.1, 0.25, 0.5, 1, 2.5,
5, 10, 25, 50, 100 and 200 ng g~!) and 3 replicates per level. In
the case of DINP and DIDP concentration levels were 25, 50, 100,
250, 500, 750, 1000 and 1250 ng g~!. Calibration curves were ob-
tained by SPME. As the volume of air pumped in the experiments
is 1 m3, the concentrations in ng m=3 are equivalent to ng g-! in
the sorbent.

Limits of detection (LODs) and limits of quantification (LOQs)
of the whole SPE-SPME-GC-MS/MS method were calculated as the
compound concentration giving a signal-to-noise ratio (S/N) = 3
and (S/N) = 10, respectively. For the compounds that were de-
tected in the SPME and procedure blanks, LODs and LOQs were
calculated as the average concentration corresponding to the sig-
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nal of the blank plus three and ten times its standard deviation,
respectively.

The method precision was evaluated within a day (n = 3) and
amongst several days (n = 6) at three concentration levels for the
40 target compounds.

Accuracy of the method was calculated by recovery experiments
carried out by SPME-GC-MS/MS employing Tenax TA spiked at 2
concentration levels (7.5 and 75 ng m~3). Quantification was ac-
complished using calibration curves.

To prevent contamination and assess background levels and in-
terferences, SPME fibre blank and whole procedure blanks (1 m3
of air sampled through 25 mg of Tenax TA and SPME for 45 min)
were daily carried out.

2.5. GC-MS/MS analysis

The GC-MS/MS analysis was performed employing a Thermo
Scientific Trace 1310 gas chromatograph coupled to a triple
quadrupole mass spectrometer (TSQ 8000) with an autosampler IL
1310 from Thermo Scientific (San Jose, CA, USA). Target compounds
separation was achieved employing a Zebron ZB-Semivolatiles
(30 m x 0.25 mm id x 0.25 pum film thickness) column supplied
by Phenomenex (Torrance, CA, USA). Helium (purity 99.999%) was
employed as carrier gas at a constant flow of 1.0 mL min~!. The
GC oven temperature was programmed from 60 °C (held 2 min) to
210 °C at 15 °C min~! and to 290 °C at 5 °C min~! (held 8 min).
The total run time was 36 min. The injector was operated in pulsed
split/splitless mode (200 kPa, held 1.2 min). Injector temperature
was set at 270 °C, and the injection volume was 1 wL (UAE). The
mass spectrometer was operated in the electron ionization pos-
itive mode (+70 eV). Temperatures of the transfer line and the
ion source were maintained at 290 and 350 °C, respectively. The
filament was set at 25 pA and the multiplier voltage was 1850
V. Selected reaction monitoring (SRM) acquisition mode was im-
plemented, monitoring two or three transitions per compound for
an unequivocal identification and quantification of the target com-
pounds (see Table 1). The software employed for the operation
of the equipment and the identification and quantification of the
compounds were Xcalibur 2.2, and Trace Finder 3.2 software.

2.6. Chemometric analysis

Statistical analysis and design of experiments (DOE) were per-
formed using Statgraphics Centurion XVIII (Manugistics, Rockville,
MD, USA) as software package. An experimental design methodol-
ogy (mixed level fraction experimental design) was applied for the
SPME optimization to evaluate the experimental parameters affect-
ing extraction efficiency. This type of experimental design has res-
olution V, which implies that it can assess all factors main effects
and all interactions between factors.

In the analysis of variance (ANOVA) the F-ratio evaluates the
influence of each factor and interaction on the variation of the re-
sponse, and the p-value tests the statistical significance of every
factor and interaction. If the p-value is lower than 0.05%, the fac-
tor or the interaction has a statistically significant effect at a 95%
confidence level.

To easily visualize the influence of the factors and interactions
Pareto figures were provided by the software package. The length
of the bar is proportional to the absolute value of its associated
standardized effect of each factor or interaction. Vertical line in the
figures represents the statistically significant bound at a 95% level
and, if the bar exceeds the vertical line, it denotes statistical sig-
nificance.

Main effects figures represent the variation, employing a line,
of the signal among the low (-) and the high (+) level of the cor-
responding factors. The length of the line is proportional to the
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magnitude of the effect for each factor, and the sign (negative or
positive) of the slope indicates the most favourable level of the fac-
tor. Finally, interaction figures allow the visualization of the effects
relationships and synergies, as well as the most favourable con-
ditions. These figures are employed to examine the behaviour of
a variable that may or may not depend on the value of another
variable. Interaction occurs when two or more factors take effect
together in a process. In this type of figure, two or more lines are
drawn, each representing a factor. If the lines are kept parallel to
each other, no interaction occurs, but if the lines are not parallel,
there is interaction between the factors. If the interaction is very
strong, the lines cut each other or are very non-parallel.

3. Results and discussion

An active sampling approach based on SPE-SPME followed by
GC-MS/MS analysis was selected with the objective of quantifying
the target contaminants in different rubber air environments (in-
cluding playgrounds and football pitches) with high sensibility and
expending a short sampling time. In fact, at the beginning of this
study, SPME alone was tested as passive sampler, but sensitivity
was very low. Most compounds identified and quantified with the
SPE-SPME method were hardly detected by passive SPME sampling.

3.1. SPME preliminary experiments

One of the most critical steps of the SPE-SPME extraction is the
transfer of the compounds from the sorbent to the SPME fibre. For
this reason, the selection of the most suitable type of SPME fibre
coating is an essential parameter affecting the extraction efficiency.
Since most of the target compounds present different physico-
chemical properties, the effectiveness of four types of SPME fibre
was evaluated: PA (high polarity), PDMS/DVB (medium polarity),
DVB/CAR/PDMS (wide polarity range) and PDMS (non-polar) Fig.1.
shows the obtained results with all tested fibres for PAHs (Fig. 1a
and b) and some other representative compounds (Fig. 1c and d).
As can be seen, DVB/CAR/PDMS fibre attained the highest chro-
matographic response for most volatile compounds from all fam-
ilies (BTZ, TBP, DMA, DEA, NAP), but for the heavier ones, such as
PHN, PYR, DBP, DEHP, among others, this coating fibre showed a
very low response. This behaviour may be attribute to the pres-
ence of carboxen in the composition of the coating. This mate-
rial due to its small micropores is very efficient for the reten-
tion of small molecules but this material fails for the retention of
higher molecular size compounds [30,31]. In view of the results,
DVB/CAR/PDMS fibre was discarded for further experiments. PDMS
coating achieved lower responses for most compounds than PA and
PDMS/DVB fibres, excluding the heaviest PAHs (IND, D[ah]A and
B[ghi]P) that showed higher responses than PA coating. The ob-
tained results were in concordance with those previously reported,
demonstrating that PDMS shows a lower extraction efficiency in
comparison with PDMS/DVB coating [13]. In view of these results,
PDMS/DVB was included in the further experimental design, as
well as PA, that showed a high efficiency in the extraction of low-
polar chemical compounds.

3.2. Experimental design for SPME optimization

To achieve the most effective extraction a mixed level frac-
tion experimental design was performed. Based on previous stud-
ies focused on air sampling [27,28], four factors (see Supplemen-
tary Table S2) were evaluated: solvent addition (Factor A), type of
fibre (Factor B), headspace volume (Factor C) and extraction stir-
ring (Factor D). The solvent (acetone) addition was studied at three
levels (0, 50 and 100 pL). The other three factors were studied at
two levels. The pre-selected coating fibres PA and PDMS/DVB (see
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Fig. 2. a) Pareto figures showing the significant factors at 95 % confidence level, and b) main effects figures for some

Section 3.1.) were also included in the experimental design. Stir-
ring or not stirring during the SPME was also assessed. Finally,
the headspace volume, which could be an important parameter
in SPME was evaluated employing 2 mL and 10 mL glass vials to
perform the SPME extraction. All these factors were included in a
mixed level fraction experimental design, involving 15 experiments
defined in 34231 + 3 central points. Supplementary Table S3 sum-
marized the experimental design matrix. The ANOVA obtained re-
sults for the main factors and most relevant interactions are sum-
marized Table 2. Pareto figures for some compounds are shown in

Fibre

Volume

Solvent Volume

Stirring

Fibre Stiming

selected compounds (PYR, DIBP and BHT).

Fig. 2a. As can be seen, in Table 2, the most relevant factors were
the type of fibre (factor B) and the addition of solvent (0-100 pL,
factor A). Factor A was statistically significant for 10 compounds
including 4 PAHs (FLA, PYR, B[a]A, CHY) and 6 phthalates (DIBP,
DBP, DMEP, DIPP, DPP, BBP).

The type of fibre (B) was statistically significant for 14 com-
pounds, including 5 PAHs (NAP, FLA, PYR, B[a]A and CHY), 7
plasticizers (DEHA, DIBP, DBP, DMEP, DIPP, DPP, DEHP and DIDP)
and 1 antioxidant (BHT). Otherwise, headspace volume (factor C)
was only statistically significant for 3 compounds (BBP, DIHP and



Table 2

Analysis of variance (ANOVA) table for the main factors and statistically significant interactions, and optimum extraction conditions. Values in bold denote statistical significance (p-value < 0.05).

Compound Solvent (A) Fibre (B) Volume (C) Stirring (D) AA AC AD BC cD Optimum conditions

F P F P F P F P F P F P F P F P F P
PAHs
NAP 2.24 0.23 11.44 0.04 0.37 0.58 0.53 0.52 5.18 0.11 0.12 0.75 2.23 0.23 0.01 0.92 0.00 0.99 0 pL, DVB, 2 mL and stirring
ACY 1.34 0.33 2.25 0.23 1.07 0.38 0.85 0.42 1.15 0.33 0.91 0.41 1.19 0.35 0.09 0.79 0.69 0.47 100 pL, DVB and 2 mL
ACE 1.69 0.28 3.99 0.14 1.81 0.27 1.14 0.36 1.58 0.30 1.47 0.31 1.26 0.34 0.10 0.77 0.74 0.45 100 pL, DVB and 2 mL
FLU 3.93 0.14 2.14 0.24 1.87 0.27 1.56 0.30 1.27 0.34 1.50 0.31 1.29 0.34 0.40 0.57 0.77 0.45 100 pL, DVB and 2 mL
PHN 6.63 0.08 2.38 0.22 0.93 0.41 1.21 0.35 0.97 0.40 1.20 0.35 1.53 0.30 1.15 0.36 0.11 0.76 100 pL, DVB and 2 mL
ANC 6.51 0.08 2.28 0.23 0.95 0.40 1.21 0.35 0.91 0.41 1.18 0.36 1.49 0.31 1.16 0.36 0.12 0.75 100 pL, DVB and 2 mL
FLA 19.8 0.02 10.1 0.04 4.95 0.11 0.84 0.43 1.23 0.34 2.95 0.18 3.55 0.16 6.26 0.09 0.75 0.45 100 pL, DVB and 2 mL
PYR 22.8 0.02 10.8 0.04 6.63 0.08 0.68 0.47 0.89 0.42 4.00 0.14 3.51 0.16 6.94 0.08 0.95 0.40 100 pL, DVB and 2 mL
Bla]A 135 0.00 244 0.02 1.21 0.35 0.93 0.41 1.15 0.36 334 0.01 14.9 0.03 86.5 0.00 97.3 0.00 100 pL, PA and 10 mL
CHY 138 0.00 38.1 0.01 4.15 0.13 0.11 0.76 0.72 0.46 28.6 0.01 14.5 0.03 102 0.00 125 0.00 100 pL, PA and 10 mL
B[b]F 3.55 0.16 222 0.23 4.03 0.14 1.60 0.29 1.34 0.33 8.81 0.06 1.43 0.32 6.64 0.08 9.93 0.05 100 pL, PA and 10 mL
B[jIF 3.27 0.17 1.68 0.29 3.23 0.17 119 0.36 0.80 0.44 7.04 0.08 1.38 0.33 5.61 0.10 8.35 0.06 100 pL, PA and 10 mL
B[K]F 3.23 0.17 243 0.22 4.04 0.14 1.51 0.31 1.46 0.31 9.58 0.05 1.70 0.28 6.07 0.09 9.51 0.05 100 pL, PA and 10 mL
Ble]P 1.75 0.28 2.42 0.22 3.08 0.18 1.53 0.31 1.47 0.31 6.21 0.09 0.61 0.49 5.61 0.10 9.22 0.06 100 pL, PA and 10 mL
Bla]P 2.91 0.19 3.96 0.14 3.92 0.14 1.87 0.27 2.25 0.23 9.59 0.05 1.94 0.26 7.57 0.07 11.5 0.04 100 pL, PA and 10 mL
IND 2.20 0.23 417 0.13 415 0.13 3.04 0.18 3.65 0.15 2.98 0.18 0.42 0.56 6.72 0.08 10.5 0.04 0 pL, PA and 10 mL
D[ah]A 2.61 0.20 3.41 0.16 2.57 0.21 1.51 0.31 1.34 0.33 0.45 0.55 0.83 0.43 2.47 0.21 4.98 0.11 0 pL, PA and 10 mL
B[ghi]P 3.41 0.16 2.25 0.23 1.29 0.34 2.19 0.24 1.86 0.27 0.17 0.71 1.71 0.28 2.30 0.23 5.04 0.11 0 pL, PA and 10 mL
Plasticizers
DMP 245 0.21 0.95 0.40 0.79 0.44 0.80 0.44 1.60 0.29 0.43 0.56 1.08 0.37 0.50 0.53 0.54 0.51 100 pL, DVB and 2 mL
DEP 8.74 0.06 2.87 0.19 0.85 0.42 1.07 0.38 3.73 0.15 0.46 0.55 1.82 0.27 2.35 0.22 0.23 0.67 100 pL, DVB and 2 mL
DIBP 35.0 0.01 30.2 0.01 0.01 0.93 1.31 0.33 21.1 0.02 0.01 0.93 8.69 0.06 11.0 0.04 5.84 0.09 100 pL, DVB and 2 mL
DBP 70.6 0.00 55.9 0.01 0.83 0.43 0.84 0.43 28.5 0.01 2.40 0.22 10.96 0.04 27.4 0.01 16.6 0.03 50 pL, DVB, 2 mL and stirring
DMEP 33.2 0.01 38.5 0.01 5.36 0.10 0.69 0.47 8.87 0.06 27.6 0.01 6.48 0.08 23.1 0.02 31.1 0.01 100 pL, DVB and 10 mL
DIPP 144 0.00 144 0.00 2.74 0.20 0.97 0.40 54.8 0.01 18.9 0.02 33.29 0.01 65.3 0.00 75.5 0.00 50 L, DVB, 2 mL and stirring
DPP 26.2 0.01 25.4 0.02 1.70 0.28 0.42 0.56 4,08 0.14 12.3 0.04 5.77 0.10 16.0 0.03 19.7 0.02 100 pL, DVB and 10 mL
BBP 11.7 0.04 2.64 0.21 23.8 0.02 5.94 0.09 2.26 0.23 42,5 0.01 2.12 0.24 13.9 0.03 29.0 0.01 100 pL, PA and 10 mL
DIHP 5.41 0.10 2.67 0.20 10.4 0.04 4.14 0.13 2.79 0.19 58.5 0.00 2.56 0.21 9.46 0.05 10.9 0.04 100 pL, PA and 10 mL
DCHP 7.46 0.07 4.28 0.13 11.7 0.04 5.70 0.10 2.47 0.21 48.9 0.01 1.29 0.34 18.6 0.02 19.3 0.02 100 pL, PA and 10 mL
DEHP 5.15 0.11 30.9 0.01 9.30 0.06 0.38 0.58 0.20 0.68 6.85 0.08 0.84 0.43 3.24 0.17 0.33 0.61 100 pL, PA, 2 mL and stirring
DPhP 3.01 0.18 0.45 0.55 5.86 0.09 0.51 0.53 0.54 0.51 29.5 0.01 4.70 0.12 3.23 0.17 3.76 0.15 100 pL, PA and 10 mL
DnOP 0.43 0.56 2.14 0.24 0.37 0.59 0.16 0.71 1.79 0.27 20.6 0.02 1.89 0.26 1.42 0.32 2.71 0.20 100 pL, PA and 10 mL
DINP 0.00 0.98 6.53 0.08 0.70 0.46 0.01 0.94 0.43 0.56 3.66 0.15 2.23 0.23 1.44 0.32 0.95 0.40 100 pL, PA and 10 mL
DIDP 2.63 0.20 18.6 0.02 0.00 0.98 0.20 0.68 0.59 0.50 3.05 0.18 1.29 0.34 0.07 0.81 0.00 0.98 100 pL, PA and 10 mL
DMA 0.46 0.55 2.94 0.19 0.26 0.64 0.29 0.63 0.61 0.49 0.14 0.73 1.70 0.28 0.00 0.96 0.01 0.94 100 pL, DVB and 2 mL
DEA 1.31 0.34 2.35 0.22 2.88 0.19 0.43 0.56 2.22 0.23 1.46 0.31 0.59 0.50 0.57 0.50 0.54 0.52 100 pL, DVB and 2 mL
DEHA 6.73 0.08 1.84 0.27 5.56 0.10 1.02 0.39 0.11 0.76 17.8 0.02 1.16 0.36 1.10 0.37 3.49 0.16 100 pL, PA and 10 mL
Antioxidants and vulcanization agents
BTZ 0.91 0.41 6.92 0.08 1.41 0.32 0.03 0.88 1.18 0.36 0.10 0.77 1.48 0.31 0.02 0.90 0.85 0.43 50 pL, DVB and 2 mL
4TBP 0.00 0.99 0.20 0.69 0.00 0.99 0.00 0.99 0.89 0.42 0.00 0.98 0.52 0.52 0.04 0.85 0.30 0.62 50 puL, DVB and 2 mL
BHA 2.09 0.24 0.23 0.67 0.09 0.78 0.05 0.84 2.23 0.23 0.11 0.76 0.75 0.45 1.00 0.39 0.06 0.82 50 uL, DVB and 2 mL
BHT 7.97 0.07 10.8 0.04 7.55 0.07 1.58 0.30 6.37 0.09 3.85 0.14 2.27 0.23 1.41 0.32 0.39 0.58 100 pL, DVB and 2 mL
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Fig. 3. Interaction figures for CHY, B[a]P, DBP, DCHP and DEHA.

DCHP), whereas stirring (factor D) was no significant for any com-
pound.

Main effect figures for PYR, DIBP and BHT can be seen in
Fig. 2b. For PAHs, only two of the four evaluated factors were sta-
tistically significant, solvent addition (A) and type of fibre (B), ob-
taining a higher response with the addition of 100 pL of acetone
employing the PDMS/DVB fibre (see main effects figure for PYR).
Regarding plasticizers, factors A, B and C were statistically signifi-
cant for 6, 7 and 3 phthalates, respectively (see Table 2). For fac-
tor A (solvent addition), higher responses were obtained by adding
50 pL (DBP and DIPP) or 100 pL (DIBP, DMEP, DPP and BBP) of
acetone. Regarding the fibre coating, PDMS/DVB showed the high-
est responses for 5 phthalates (DIBP, DBP, DMEP, DIPP and DPP),
whereas for DEHP and DIDP, higher responses were achieved em-
ploying the PA fibre. The most favourable headspace volume (factor
C), that was significant for BBP, DIHP and DCHP, was obtaining em-
ploying the highest (10 mL vial). Taking into account the 40 stud-
ied substances, the extraction (Factor D) was more effective for 31
compounds (14 PAHs, 16 plasticizers and 1 antioxidant) with the
addition of 100 pL acetone.

To easily visualize the optimal conditions, the statistical soft-
ware includes the interaction figures Fig. 3. shows some exam-
ples for CHY, B[a]P, DBP and DEHA. It is important to note that
although factors were no significant or only statistically significant
for a few compounds, their interactions can be statistically signif-
icant. For example, headspace volume (factor C) was only signifi-
cant for 4 compounds and stirring (factor D) for none, but their in-
teraction (CD) was statistically significant for 11 compounds (B[a]A,

CHY, B[a]P, IND, DBP, DMEP, DIPP, DPP, BBP, DIHP and DCHP). The
most relevant interactions were solvent volume-headspace volume
(AC), type of fibre-headspace volume (BC) and headspace volume-
stirring (CD). Interaction AC was statistically significant for 11 com-
pounds (B[a]A, CHY, DEHA, DMEP, DIPP, DPP, BBP, DIHP, DCHP,
DPhP, and DnOP) being the addition of 100 pL of acetone employ-
ing a 10 mL vial to perform SPME the best conditions as can be
seen in Fig. 3. Furthermore, interaction BC was statistically signifi-
cant for 9 compounds including 2 PAHs (B[a]A, CHY) and 7 plas-
ticizers (DIBP, DBP, DMEP, DIPP, DPP, BBP and DCHP) being the
most favourable conditions for PAHs the use of PDMS/DVB fibre
in combination with the 2 mL vial. By contrast, for the 7 plasti-
cizers PDMS/DVB fibre can be used regardless the vial head-space
volume or PA fibre employing the 10 mL vial. Interaction CD was
statistically significant for 11 compounds including 4 carcinogenic
PAHs (B[a]A, CHY, B[a]P and B[e]P) and 7 phthalates (DBP, DMEP,
DIPP, DPP, BBP, DIHP and DCHP). For 5 of the 11 compounds, op-
timal conditions were no stirring employing a 10 mL vial, and for
the other 6 similar results were obtained using a 2 mL vial stirring
the sorbent or a 10 mL vial without stirring. On the other hand, in-
teraction AD (solvent addition volume-stirring) had statistical sig-
nificance only for 4 compounds (B[a]A, CHY, DBP and DIPP), ob-
taining as best conditions adding 100 pL of acetone in a 10 mL
vial. Additionally, from a practical point of view, employing a
10 mL vial makes this experimental procedure easier than using a
2 mL vial.

Therefore, in view of the experimental design results, the op-
timized experimental conditions for the SPME of the target com-
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Fig. 4. Time profile curves for the target analytes (area counts). Extraction times: 5, 15, 30, 45, 60 and 90 min.

pounds comprise the addition of 100 pL of acetone to 25 mg of
Tenax TA, employing a PDMS/DVB fibre in a 10 mL vial without
stirring, although the use of PA fibre is also suitable. Similar re-
sults were obtained using PDMS/DVB (medium polar) and PA (high
polar) fibre coatings for some poorly polar compounds (B[a]A, CHY,
DMEP, and DPP).

3.3. SPME extraction time profile

The time required to attain equilibrium in SPME is conditioned
by the physicochemical properties of the target analytes, the ma-
trix nature and the physicochemical properties of the fibre coating,
among others [32]. To assess the extraction time, under the op-
timal conditions, six different extraction times (5, 15, 30, 45, 60
and 90 min) were considered. These studies were performed em-
ploying Tenax TA spiked at 25 ng g~! with the 40 target com-
pounds. Extraction time profiles are depicted in Fig. 4. As can be
seen, the optimal extraction time is highly depended on the com-
pound. Overall, for most target analytes studied, equilibrium was
reached fairly rapid, between 45 and 60 min (see in Fig. 4a and
b). Otherwise, compounds with higher molecular weight such as
PAHs Bl[a]A, CHY, B[b]F+B[j]F, B[k]F, IND, D[ah]A and B[ghi]P; and
plasticizers DPP, DIHP, DCHP, DEHP, DPhP and DnOP, did not at-
tain up the equilibrium until 45 min. Only a few compounds (FLU,
PHN, ANC, FLA, PYR and DEP) did not reach stability at the max-
imum extraction time studied (90 min), see Fig. 4c. On the other
hand, as can be seen in Fig. 4, for several compounds an extraction
time of 90 min may result in a slight loss of sensitivity. This may
be due to a desorption of the compounds from the SPME fibre into
the headspace. Therefore, to obtain a sensitive and high throughput
extraction, 45 min was selected as the optimum extraction time.

3.4. SPE-SPME-GC-MS/MS method performance

Once the SPE-SPME-GC-MS/MS method was optimized, its ana-
lytical quality parameters, including linearity, accuracy, and preci-

sion were evaluated. LODs and LOQs were also calculated. Results
are shown in Table 3 .

The linearity study was performed spiking the Tenax TA with
an acetonic solution of the 40 compounds covering a concen-
tration range from 0.05 to 200 ng m~3 (DINP and DIDP, 25
to 1250 ng m—3). A more detailed description is included in
section 2.4. Chromatographic response was proportional to the
concentration of target compounds, with coefficients of determina-
tion (R?) higher than 0.9900. Individual linear range for each com-
pound is shown in Table 3.

LODs and LOQs of the whole SPE-SPME-GC-MS/MS method
were calculated. For those compounds found in the procedure
blanks were taking into account to calculate them (see in
section 2.4). The values were at the sub ng m~3 for most com-
pounds, ranged from 0.010 to 4.6 ng m~3 (LODs) and from 0.033
to 15 ng m~3 (LOQs), showing the suitability of the proposed
methodology to quantify trace levels of the target compounds in
air.

The method precision was evaluated within a day (n = 3) and
amongst several days (n = 6) obtaining a relative standard devi-
ation (RSD) mean values for the 40 target compounds about 14%
and 16%, respectively.

To demonstrate the accuracy of the method, recovery experi-
ments were carried out by SPME-GC-MS/MS employing Tenax TA
spiked at 2 concentration levels. Recovery values were satisfactory,
showing accuracy and precision, with average recoveries between
80 and 110 % in most cases and RSD values lower than 12 % (ex-
cluding some plasticizers with values lower than 19 %).

3.5. Comparison with other methodologies

Until now, there are not much research studying the influ-
ence of these recycled rubber surfaces on the surrounding air.
The proposed methodology has been compared with other meth-
ods reported in the literature (see Table 4 ), including a previ-
ous one based on SPE-UAE developed by the authors [6,7,14,19—
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Table 3
Method performance: Linearity, precision, recoveries, limits of detection (LOD) and limits of quantification (LOQ).
Linearity Precision, RSD (%) Recoveries and Precision (%) LOD LOQ
Linear range Intra- Inter- 7.5 ng 75 ng Mean (ng m3) (ng m3)

Compounds R? (ng g~ 1)* day day m m? RSD**
PAHs
NAP 0.9997 0.25-200 4.7 11 117 104 18 0.04 0.13
ACY 0.9959 0.1-200 83 12 91.1 104 7 0.022 0.073
ACE 0.9948 0.05-200 1.7 15 94.1 128 11 0.017 0.056
FLU 0.9954 0.05-100 3.8 15 82,5 95.8 8.2 0.011 0.036
PHN 0.9984 0.1-100 16 19 55.4 87.9 85 0.02 0.066
ANC 0.9978 0.25-100 15 16 97.5 79.8 19 0.031 0.1
FLA 0.9903 0.25-100 5 20 741 94.3 9.9 0.07 0.23
PYR 0.9991 0.1-200 7.6 10 75 89 11 0.027 0.089
Bla]A 0.9939 0.25-200 11 11 89.8 94.1 13 0.063 0.21
CHY 0.9939 0.25-200 12 7.5 90.9 113 14 0.087 0.29
B[b]F+B[j]F 0.9918 2.5-200 10 19 112 61.2 1.6 0.62 2
B[k]F 0.9949 0.1-200 83 - 119 68.6 24 0.026 0.086
Ble]P 0.99 0.1-200 1.2 19 102 78.7 1.9 0.027 0.089
Bla]P 0.9905 0.1-200 9.8 19 96.5 74.5 12 0.045 0.15
IND 0.9995 0.25-200 16 19 90.2 92.1 15 0.077 0.25
D[ah]A 0.999 0.5-200 18 16 93.6 79.5 3.8 0.095 0.31
B[ghi]P 0.9975 0.5-200 11 19 98.7 76.4 7.1 0.17 0.56
Plasticizers
DMA 0.9998 5-200 4.1 15 114 109 13 1.7 5.6
DEA 0.9993 0.05-200 6.3 10 110 93.8 17 0.01 0.033
DMP 0.9883 0.1-100 3.7 12 76 89 15 0.034 0.11
DEP 0.997 1-100 1.9 20 71 85.6 1.7 0.39 13
DIBP 0.9952 2.5-200 23 15 66.8 103 8.3 0.73 24
DBP 0.9924 10-200 18 18 80.3 103 18 2.6 8.6
DMEP 0.9973 2.5-200 2 8 54.5 99.9 4.2 0.78 2.6
DIPP 0.9972 0.25-200 18 18 66.4 98.7 1.6 0.066 0.22
DPP 0.9973 0.25-200 1.9 15 64.3 94.4 19 0.085 0.28
BBP 0.9979 2.5-200 6.1 14 84 104 9.8 0.51 1.7
DEHA 0.99 10-200 9 12 105 76.2 14 2.6 8.7
DIHP 0.9978 2.5-200 5 19 101 109 16 0.96 32
DCHP 0.9961 2.5-200 3 22 70.6 97 17 1.2 39
DEHP 0.9993 10-200 14 19 - 102 18 2.2 7.4
DPhP 0.9987 2.5-200 13 20 99.2 86.2 8.2 0.45 1.5
DnOP 0.9951 5-200 12 18 61.3 113 9.6 1.7 5.5
DINP 0.9967 25-1250 14 20 - 78.6 6.4 33 11
DIDP 0.9945 25-1250 8.1 19 - 99.6 12 4.6 15
Antioxidants and vulcanization agents
BHA 0.9913 0.05-100 11 14 61.3 90.4 8.6 0.01 0.033
BHT 0.9959 2.5-200 10 14 95.9 113 13 0.14 0.46
BTZ 0.9959 10-200 0.7 20 100 121 11 2 7.2
4TBP 0.995 0.1-200 4.9 7 85.1 97.1 11 0.029 0.096

*Equivalent to ng m3 in the air sampling 1 m3. **Mean value for the two concentration levels tested.

26]. Different techniques comprising passive or active air sam-
pling have been used. In the passive studies, the most commonly
used technique has been SPME [6,19,20,26]. SPME was only used
on a laboratory scale, evaluating the compounds released into the
headspace above crumb rubber samples, but not real air samples
were analyzed. Donald et. al [25] employed low-density polyethy-
lene (LDPE) and silicone passive samplers to evaluate the pres-
ence of volatile and semivolatile compounds in air above synthetic
turf pitches. In addition, several active sampling methods were
employed to perform real air sampling above synthetic turf foot-
ball pitches [14,21-24]. Afterwards, the compounds retained in the
sorbent were generally desorbed by solvation using organic sol-
vent such as hexane, dichloromethane, and diethyl ether. Some
of the proposed method required the use of hundreds of mL of
organic solvents to isolate the compounds retained in the sor-
bent [22,23,25]. Regarding sampling time during real air sam-
pling, most studies involve more than 2 h. The method proposed
in the present research allowed a faster air sampling (16 min)
avoiding the use of organic solvents as well as residue genera-
tion since the sorbent and the SPME fibre are reused. Regard-
ing analytical performance, in most studies, accuracy was not
evaluated. In addition, some of the methods were only proposed
to identify the presence or absence of the studied compounds
[22,24,25].

10

The main advantages of using SPME after SPE air sampling is
that the use of organic solvents is not required and the high con-
centration capacity. In Fig. 5 the results obtained for SPE-UAE and
SPE-SPME methods using enriched Tenax TA (25 ng g~1) (Fig. 5a),
and for a real playground air sample (Fig. 5b) are depicted. As
can be seen in Fig. 5a, the chromatographic response for the
most volatile PAHs was up to 20 times higher employing SPME.
This behaviour was also observed for other of the studied com-
pounds reaching up to 35 times higher chromatographic response
(see Fig. 5a). Similar results were observed for real samples (see
Fig. 5b), demonstrating that the use of SPME significantly increased
method sensitivity that constitutes a great benefit for the analysis
of real air samples.

3.6. Application to real samples

The validated methodology was applied to 7 real air samples
collected from indoor and outdoor places. Results are summarized
in Table 5 .

3.6.1. Football pitches and playgrounds

Air samples from three children$ playgrounds and two synthetic
turf football pitches were analyzed. For a detailed sample descrip-
tion see Section 2.2 and Supplementary Table S2.
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Table 4
Comparison of SPE-SPME-GC-MS/MS with other methods to determine organic compounds in air adjacent to rubber playgrounds, synthetic turf football pitches and other tire rubber materials.
Type of air Sampling time  Sample Solvent and Extraction time Real samples
sample Analyte families No of analytes  Sampling Method (min) preparation volume (min) Analysis LOD/LOQ Recovery (%) RSD (%) concentrations  References
Indoor artificial PAHs, BTZ, 45 Active sampling Approx. 300 Soxhlet, LLE, Hundreds of mL - GC-MS - > 90 - 0.01-58 ng m>  [20]
football pitches toluene, using Tenax TA thermodesorp- (PAHs)
4-methyl-2- tion 0.01-0.38 ng m3
Pentanone, (phthalates)
phthalates
Lab-scale BTZ, hexadecane, 4 - - SPME - 42 GC-MS - - - - [17]
4-t-OP, BHA, BHT
alteration
product
Lab-scale PAHs, BTZ, BHT, 10 - - SPME - 20 GC-MS 0.2-0.6 ng m3 - - - [18]
BHA, 4-t-OP (LOQs)
Football pitches PAHs 5 Active sampling 120-180 SLE Dozens of mL of 45 GC-LRMS 0.002 ng m3 86-107° <7 0.01-0.11 ng m3 [19]
dichloromethane (LOD)
and n-hexane
Football pitches Vulcanisers, 120 (22 PAHs)  Polyurethane 120 Soxhlet 700-750 mL 120 GC-MS - 75-125 <25 0.04-113 ng m3  [21]
antioxidants, foam samplers diethyl (PAHs)
PAHs and 93 according to U.S. ether/hexane
SVOCs EPA Method (10:90, v/v)
TO-13A
Lab-scale PAHs, 31 - - SPME - 25 GC-MS - - - - [6]
vulcanisation
additives,
antioxidants and
plasticizers
Lab-scale Bla]A, Chy, B[a]P, 4 - - Florisil trap - 300 HPLC-FL - - - - [7]
B|ghi]P
Lab-scale PAHs, 30 - - SPME - 35 GC-MS - - - - [24]
vulcanisation
additives,
antioxidants and
plasticizers
Indoor and PAHs and > 70 LDPE and - Thermal 100 mL hexane 120 GC-/MS < 0.001- 0.64 ng - <21 [23]
outdoor oxygenated PAHs silicone passive desorption and m3 (LOQs)
synthetic turf sampling SLE 0.001-600 ng
football pitches m3 (PAHs)
Indoor and PAHs, BTZ, 20 Active sampling 120-180 Soxtherm® Hexane - GC-MSD and Approx. 3 ng m> - - 2-190 ng m [22]
outdoor football tert-butylamine, extraction system LC-MS (LOQ) (PAHs)
pitches cyclohexanone
and
2-heptanone.?
Indoor and PAHs, 40 Active sampling 16 SPE-UAE 1 mL ethyl 2 GC-MS/MS 0.01-20 ng m3  71-110 <7 0.08-528 ng m3  [13]
outdoor locations vulcanisation using Tenax TA acetate (LOQs) (PAHs)
additives, 0.8-264 ng m3
antioxidants and (phthalates)
plasticizers 71-226 ng m3
(others)
Indoor and PAHs, 40 Active sampling 16 SPE-SPME 100 pL acetone 45 GC-MS/MS 0.01-4.6 ng m3 54-128 < 10 0.05-80 ng m>  This work
outdoor locations vulcanisation (LOQs) (PAHs)
additives, 0.03-81 ng m™>
antioxidants and (phthalates)
plasticizers 0.09-1213 ng m
(others)

PAHs: polycyclic aromatic hydrocarbons, BTZ: benzothiazole, LLE: liquid-liquid extraction, SLE: solid-liquid extraction, SPME: solid-phase microextraction, SPE: solid-phase extraction, UAE: ultrasound assisted extraction, SVOCs:
semivolatile organic compounds, BHA: butylated hydroxyanisole, BHT: butylated hydroxytoluene, GC: gas chromatography, LC: liquid chromatography, MS: mass spectroscopy, LDPE: low-density polyethylene, LRMS: low resolution

mass spectrometry, FL: fluorescence detector, 4-t-OP: 4-(t-octyl) phenol.
2 Recovery value referred for the internal standard.

Ip 32 2pUSDQ L ‘041312 W ‘DPDOULLY “q

11629% (2202) 8991 v Aydp.iSoipwony) fo jpuinof



D. Armada, M. Celeiro, T. Dagnac et al.

a)
35000000

30000000

25000000

£ 20000000 %

[~}

15000000

aphic response (atrea counts)

10000000

5000000

Chromatogr

[

] =] (| =] il

0

OSPE-UAE-GC-MS/MS

Journal of Chromatography A 1668 (2022) 462911

o SPE-SPME-GC-MS/MS

ﬂﬂﬂﬁﬂﬂﬁﬂﬁﬁﬁm m B

NAP2 ACY ACE2 FLU/M4 PHN ANC

35000000

£ 30000000

25000000

sponse (area counts)

)

0000000

1C 1€

15000000

aphi

10000000

Chromatogr

5000000

i

= [l =] M

FLA

|

PYR B[aJA CHY B[b+JF B[kJF B[P IND D[ahJA B[ghi]P

o 1

%mﬁﬂﬂﬂ M e

DMA TBP/10 DEA DMP BHA/3 BHT

=
~'

50000000

40000000

30000000

20000000

10000000

Chromatographic response (Area counts)

= | [ ]

=

DEP

DiBP DBP  DMEP BBP DEHA DIHP DPhP  DnOP

Fl_— | ™

NAP DMA BTZ/10 ACYx10 ACE

DEP

FLU PHN ANC DiBP/3 DBP FLA PYR

Fig. 5. Comparison of the chromatographic response (area counts) obtained employing SPE-UAE-GC-MS/MS and SPE-SPME-GC-MS/MS methods: a) enriched Tenax TA spiked

with target compounds and b) real playground air sample.

Between 8 and 10 PAHs were found in all the samples, being 8
of the PAHs (NAP, ACY, ACE, FLU, PHN, ANC, FLA and PYR) detected
in all air samples at concentrations between 0.1 and 10.9 ng m~3.
The sum of PAH ranged between 7.3 and 27 ng m~3. These PAH
levels are similar to those reported in the literature for football
pitches [23,24]. OP2 achieved the highest concentrations, proba-
bly due to the high temperatures during the air sampling (aprox.
30 °C, see Supplementary Table S1). A chromatogram of this sam-
ple is depicted in Supplementary Fig. S1. Regarding the surround-
ing air samples of OP1 and OP2, fewer PAHs were detected at
much lower concentrations (sum of PAH 2.7 and 1.2 ng m~3 re-
spectively). In addition, concentrations were lower in the stands
than in the pitch (see Supplementary Fig. S2), although people
watching the matches are also exposed to these compounds. B[a]A
and CHY, both considered as carcinogenic by the European Chem-
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icals Agency (ECHA), were detected at levels above 1 ng m~3 (the
ECHA limit for B[a]P) in sample OFP1. The PAHs concentration pro-
files are depicted in Fig 6a. As can be seen, the concentrations and
distributions were similar in playgrounds and football pitches, ex-
cept for sample OFP1 in which FLA, B[a]A and CHY reached a sim-
ilar concentration to PYR.

Regarding plasticizers (see Table 5), DIBP and DBP, both con-
sidered toxic for reproduction and endocrine disruptors [33],
were detected in all samples, reaching concentrations up to 28
and 17 ng m~3, respectively. Other hazardous compound, BTZ, a
demonstrated substance that is dangerous if inspired and might
produce damage to organs through prolonged or repeated expo-
sure [34], was found in the 5 samples, at concentrations up to
65 ng m3. In general the concentration values were similar to
those obtained employing SPE-UAE-GC-MS [14]. However, Dye et.
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Fig. 6. Concentration profiles (ng m~3) for individual PAHs in the eight real samples: a) football pitches and playgrounds and b) tire warehouses. (IP: indoor playground;
OP: outdoor playground; OFP: outdoor football pitch; TW: tire warehouse). To facilitate visualization, the response for some compounds have been multiplied or divided by

a factor.

al [22]. reported higher concentrations for DEP, DBP and DIBP, al-
though in indoor football pitches.

Only one plasticizer and two vulcanisation additives (DPP, BTZ
and TBP) have been detected in the playgrounds surrounding air
at much lower concentrations, showing that the presence of these
chemicals in the air of the rubber playgrounds is due to the use
of this material as flooring. To establish a relationship between
the presence of the target compounds in the air samples and in
crumb rubber flooring, Supplementary Fig. S3 shows the concen-
tration profile in the outdoor air and in the crumb rubber used as
flooring in the same playgrounds. As can be seen, a relationship
between air contamination and the chemical compositions of the
recycled crumb rubber tiles employed in these surfaces is clear.

3.6.2. Warehouses

Two warehouses without ventilation, which store new (TW1)
and old (TW2) car tires, were also sampled. Most volatile PAHs
(NAP, ACY, ACE, FLU, PHN and ANC) achieved higher concentrations
in these spaces than in playgrounds and football pitches, especially
the old tire warehouse and the recycled rubber tiles storage ware-
house, reaching concentrations up to 51 ng m—3 (PHN) (see Fig. 6a
and b). The sum of PAHs was 74 and 160 ng m~3 in TW1 and TW2,
respectively. The PAHs concentrations obtained in the old tire store
(TW2) were higher than those in the new tires (TW1), being up to
8 times higher for some compound (see Table 5). It is important
to emphasise the high concentrations detected for BTZ with val-
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ues of 994 and 1213 ng m—3. Plasticizers DIBP, DBP, BBP and DEHA
reached concentrations up to 81, 28, 2.6 and 20 ng m~3, respec-
tively. The presence of these compounds in unventilated spaces can
be harmful for workers in the rubber tire industry [35]. The other
target compounds were similar in TW1 and TW2 excluding BHT,
which showed significantly higher concentrations in TW1. In con-
trast, TW2 showed higher PAH concentration although the profiles
were completely analogous (see Fig. 6b).

In summary, much higher PAH concentrations were found in
the tire warehouses whereas the concentrations were similar in
playgrounds and football pitches, as can be seen in Fig. 6a and
b. It is interesting to notice that B[a]A and CHY that appears in
the football pitches and playgrounds were not detected in the tire
warehouses. By contrast, plasticizers, antioxidants and vulcanizers
concentrations were slightly higher in playgrounds than in foot-
ball pitches, except for DMA, DMP, BTZ, TBP and BHT, which were
significantly higher in the playgrounds (Table 5). The vulcanis-
ers BTZ and TBP, as well as the antioxidant BHT, were found in
much higher concentrations in the air of the tire warehouses (see
Table 5). It has been shown that the presence of these pollutants
in the adjacent air is due to the presence of these recycled rub-
ber materials and their dispersion can reach several tens of metres,
harming not only the people who use these surfaces. It is impor-
tant to remark that tire rubber workers including those installing
playgrounds and pitches are exposed to these pollutants for long
periods of time [36].
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PAHs, plasticizers, antioxidants and vulcanisation additives concentration (ng m3) in the seven real air samples (total number of samples 10). IP: indoor playground; OP: outdoor playground; OFP: outdoor football pitch; TW:

tire warehouse.

OFP1 Stands air OFP2 OFP2 TW1 TW2

0oP2

Surrounding air OP2

OP1

Surrounding air OP1

IP1

Compound

40 + 15

48.7 + 4.8
6.69 + 0.72
1.16 + 0.11
347 £0.24
8.0 £2.0

1.1+ 1.0
< LOQ

3.0

3.51 £ 0.40
< LOQ

1.54 + 0.51
< LOQ

4.78 + 0.59 0.75 1.28 + 047 1.1
< LoQ <lLoQ

NAP
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9.6 + 2.2
51+ 1.0

< LOQ
0.24

< LOQ

0.10

ACY
ACE
FLU

0.173 + 0.017
0.649 + 0.059
2.08 + 0.40

0.123 + 0.017
0.413 + 0.078

44 +13

0.441 + 0.010
1.41 £ 0.19
109 + 2.0
1.16 + 0.13
3.22 £ 0.40
7.94 + 0.82

0.133 + 0.083
0.279 + 0.092
0.73 £ 0.16

< LOQ

0.481 + 0.030
143 + 0.22
3.50 + 0.93

25.71 +£ 0.14
51 + 13

0.63
1.0
0.12

0.048
< 10Q

0.21

0.23

PHN
ANC

FLA

9.7 £ 1.6
9.2 + 4.7

1.16 + 0.29
1.51 + 0.62
30+ 1.2

0.262 + 0.075
3.14 £ 0.10
5.15 + 0.40
0.60 + 0.18

0.357 + 0.076
1.05 + 0.47
1.16 + 0.54
1.53 + 0.95
1.61 + 0.46
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0.253 + 0.021
0.31 £ 0.11
0.51 +£ 0.24

0.60

1.36 + 0.30
3.45 + 0.87

6
9

0.5

11.0 £ 54

1.1

0.

< 10Q

0.3

PYR

49

B[a]A
CHY

0.064 + 0.030

13

0.050
7.3

0.120 + 0.053

27

160

74

1.2

7.3

2.1
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YPAHs
D

< 10Q < 10Q
< 10Q

< LOQ

< LOQ

59+ 35

< LOQ

33.7 £ 5.6
< LoQ

MA

0.034 + 0.020
0.581 + 0.031

24+1.0
81 + 26

DEA

1.183 + 0.012
4.79 £ 0.63
42 +13

28 + 24

0.114 + 0.010
3.38 +£ 0.90
16.1 £ 4.3

< LOQ

0.18
5.2
6.2

< LOQ

0.289 + 0.037
49 + 1.6

< LOQ
< 10Q

0.129 + 0.010
1.71 + 0.38
20.8 £ 3.5
138 £ 1.9

9.91 + 0.96
2.53 + 0.46

DMP
DEP

1.81 + 0.39
194 + 3.9
133+ 13

27.8 £ 4.1
11.0 + 2.2

17.43 + 0.64
17.0 £ 3.5

DiBP
DBP
DPP
BBP

10.6 + 2.6

< LOQ
2.3

11.18 + 0.86
247 +£0.23
< LOQ

0.140 + 0.066

0.22

26 +23

20

< LOQ

< LOQ
< LOQ

< LoOQ

< LOQ

< LoOQ
< LoOQ

< LoQ

DEHA
DnOP
BTZ
TBP

< LOQ
< LOQ

1213 + 245°
133 +£23
30.1 +£ 4.2

994 + 103°
115 + 1.1
125 + 28

< LOQ

< LOQ
0.13
0.25

10.2 + 2.0
< LOQ

62 + 22

< LOQ
< LOQ
< LOQ

< LOQ

0.09

65.1 + 8.9

0.0872 + 0.0013

1.34 + 0.22
0.99 + 0.65

0.176 + 0.010
< LOQ

0.789 + 0.029
2.05 £ 0.33

BHT

Estimated values (above calibration range).

a
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4. Conclusions

A miniaturized method based on SPE-SPME-GC-MS/MS was
successfully developed to determine 40 compounds, including
PAHs, plasticizers, antioxidants and vulcanisation additives in in-
door and outdoor air samples above tire rubber materials. SPME
experimental conditions were performed by a mixed level fraction
experimental design. The optimal conditions involve the use of a
PDMS/DVB fibre in a 10 mL vial containing the enriched sorbent
(Tenax TA, 25 mg) at 100 °C. Quantification was possible preparing
matrix matched standards in Tenax TA. The whole SPE-SPME-GC-
MS/MS methodology was validated in terms of linearity, precision
and accuracy. RSD values for most compounds were lower than
16 % and recoveries were around 109 %. Additionally, the method
provided low limits of detection (0.01-4.6 ng m~3). Finally, the
methodology was applied to a wide range of air samples includ-
ing children$ playgrounds, synthetic turf football pitches, and tire
warehouses. Results demonstrated the ubiquity and diffusion of
these hazardous compounds from the tire rubber facilities to the
adjacent air, which can suppose a health risk for the users of these
surfaces, as well as for workers of the tire industry and those lay-
ing the recycled rubber surfaces.

The proposed miniaturized methodology is fast and sensitive,
allowing a high throughput (total analysis time 61 min including
the sampling step), and can be easily implemented in any labora-
tory due to the simple and minimal instrumentation and equip-
ment required. Once the samples reach the lab, the analytical pro-
cess can be easily automatized using a SPME autosampler.
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