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The artificial-turf granulates made from recycled rubber waste are of health concern due the possible
exposure of users to dangerous substances present in the rubber, and especially to PAHs. In this work, we
determined the contents of PAHs, metals, non-dioxin-like PCBs (NDL-PCBs), PCDDs and PCDFs in granulates,
and PAH concentrations in air during the use of the field. The purposes were to identify some potential
chemical risks and to roughly assess the risk associated with inhalation exposure to PAHs. Rubber granulates
were collected from 13 Italian fields and analysed for 25 metals and nine PAHs. One further granulate was
analysed for NDL-PCBs, PCDDs, PCDFs and 13 PAHs. Air samples were collected on filter at two fields, using
respectively a high volume static sampler close to the athletes and personal samplers worn by the athletes,
and at background locations outside the fields. In the absence of specific quality standards, we evaluated the
measured contents with respect to the Italian standards for soils to be reclaimed as green areas. Zn
concentrations (1 to 19 g/kg) and BaP concentrations (0.02 to 11 mg/kg) in granulates largely exceeded the
pertinent standards, up to two orders of magnitude. No association between the origin of the recycled rubber
and the contents of PAHs andmetals was observed. The sums of NDL-PCBs andWHO-TE PCDDs+PCDFs were,
respectively, 0.18 and 0.67×10−5 mg/kg. The increased BaP concentrations in air, due to the use of the field,
varied approximately from b0.01 to 0.4 ng/m3, the latter referring to worst-case conditions as to the release of
particle-bound PAHs. Based on the 0.4 ng/m3 concentration, an excess lifetime cancer risk of 1×10−6 was
calculated for an intense 30-year activity.
+39 0649902011.
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1. Introduction

The use of playing fields with artificial turf is widespread for their
claimed advantages relative to natural grass fields: mainly the almost
continuous use without periodical closures for maintenance and
restoration, but also resistance to atmospheric events, relatively quick
installation, lower cost for long-term maintenance, and saving of
water (Claudio, 2008). Artificial turfs are made from in-fill granulates
constituted by crumbs of elastomeric origin. Several of these fields use
crumbs from recycled rubber waste, such as automobile tyres or
gaskets of various type, expected to contain dangerous substances
usually present in the rubber (IARC, 1982). Such substances may be
released to the air, so the users are potentially exposed by inhalation
as well as by ingestion and skin contact. PAHs, which are present in
carbon black and process oils, like aromatic extender oils, used in the
rubber industry, are of major concern due to their well-known
carcinogenic activity (IARC, 2010).
According to the literature, no appreciable excess risk due to the use of
these fields was observed in studies based on: (a) genotoxicity tests on
tyre crumb extracts (Birkholz et al., 2003); (b) measurements of volatile
organic compounds (VOCs), PM10, PAHs, PCBs, phthalates and alkylphe-
nols in air at indoor pitches during training sessions (NIPH, 2006); (c) the
similarity between the concentration levels of particulate matter, metals
and VOCs in air samples collected at the fields and at background levels,
and the finding that more than 90% of the lead in tyre crumb material is
unavailable for absorption by users (US EPA, 2009); (d) the urinary
excretion of 1-hydroxypyrene after playing with intensive skin contact
with the rubber in-fill (vanRooij and Jongeneelen, 2010); and(e) a review
of the scientific literature (Beausoleil et al., 2009).

In a risk assessment study in children (OEHHA, 2007), the
calculated increased cancer risk following ingestion of rubber tyre
shreds was less or slightly higher than 1 in a million; besides, no skin
sensitization by rubberised surfaces was observed. The inhalation
route was not considered since any VOCs volatilizing or fine particles
resuspending were considered to quickly disperse in the atmosphere.

A risk assessment of general validity is hindered by the many
variables involved: e.g., the type and origin of the rubber, its chemical
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Table 1
Concentrations (mg/kg, dry weight) of metals and PAHs in 13 rubber granulate samples of various origins.

Virgin
thermoplastic

Coated recycled
tyres

Recycled tyres
(uncoated)

Recycled
scrap of
vulcanised
rubber

Recycled ground gaskets Median Soil contamination
standards

Sample code Italy,b

“green
area” use

NY,c

unrestricted
use

1/A 1/B 2/A 2/Ba 3/A 3/B 3/C 3/D 4/A 4/B 5/A 5/B 5/C

Metals
Al 1.2 6680 490 1028 164 477 755 230 3260 311 4884 2065 5922 755
As 0.14 0.94 0.12 0.24 0.41 0.13 0.10 0.10 1.2 0.11 0.54 0.28 0.37 0.24 20 13
Ba 4.4 3485 741 4.7 2.4 5.3 23 5.0 31 10 4778 28 22 22 350
Be 0.001 0.11 0.007 0.04 0.01 0.02 0.04 0.008 0.37 0.006 0.15 0.06 0.21 0.04 2 7.2
Cd 0.11 0.37 1.9 0.12 1.9 1.1 0.62 1.7 0.30 0.17 0.17 1.1 0.34 0.37 2 2.5
Co b0.5 27 234 5.0 116 33 8.8 58 4.1 3.5 9.9 8.4 21 15 20
Cr (total) 49 56 6.2 1.8 b0.3 0.44 4.6 1.2 6.2 b0.3 20 2.5 18 6.2 150 1+30d

Cu 0.82 55 60 12 22 16 8.7 20 5.9 13 6.3 11 3.4 12 120 50
Fe 15 4318 465 201 199 291 620 305 637 183 460 241 403 305
Hg b0.02 0.05 0.07 0.08 0.05 0.16 0.06 0.07 0.06 0.03 0.09 b0.02 0.07 0.07 1 0.18
Li 4.3 4.1 0.60 7.4 1.4 1.4 1.1 0.87 11 2.7 1.0 1.5 4.4 1.5
Mg 470 456 966 668 235 280 653 465 518 186 286 253 123 456
Mn 5.2 30 4.9 5.2 3.0 4.4 3.6 3.8 10 6.2 16 3.8 8.3 5.2
Mo 0.04 2.1 0.13 0.09 0.12 0.18 0.29 0.18 0.19 0.11 0.34 6.6 0.30 0.18
Ni 0.67 1.5 5.8 0.67 2.5 1.3 1.9 2.0 4.4 0.61 5.5 2.4 3.3 2.0 120 30
Pb 46 43 28 b0.7 26 22 12 22 14 b0.7 35 17 14 22 100 63
Rb 0.65 12 1.8 3.0 3.1 1.3 0.90 1.2 26 0.78 1.7 1.5 2.2 1.7
Sb 0.34 7.7 6.4 1.6 0.52 1.1 0.46 0.53 1.2 3.6 1.1 0.65 2.7 1.1 10
Se b0.3 b0.3 b0.3 b0.3 b0.3 b0.3 b0.3 b0.3 b0.3 b0.3 b0.3 b0.3 b0.3 b0.3 3 3.9
Sn 0.12 2.5 1.74 0.58 2.00 0.79 0.65 2.4 3.0 0.32 1.2 0.98 1.4 1.2 1
Sr 17 90 12 19 3.8 6.0 5.3 3.2 17 9.9 86 6.9 13 12
Tl 0.02 0.09 0.07 0.03 0.14 0.06 0.04 0.05 0.21 0.01 0.17 0.09 0.03 0.06 1
V 0.38 2.4 1.5 1.5 2.2 1.3 3.5 1.4 9.6 0.94 22 9.7 22 2.2 90
W 0.02 0.84 0.07 0.36 0.06 0.06 0.12 0.06 1.8 0.13 0.79 0.15 0.74 0.13
Zn 118 6813 19,375 1063 17,772 12,274 10,229 13,781 7611 1408 10,910 14,187 9488 10,229 150 109

PAHse Abbr.
Pyrene PY 0.02 1.51 15.1 0.42 2.77 1.86 9.74 4.48 0.44 0.20 11.2 5.63 0.75 1.86 5 100
Benz[a)anthracene BaA 0.001 0.29 0.15 0.04 0.21 0.43 0.33 0.36 0.14 0.21 0.09 0.18 0.01 0.18 0.5 1
Chrysenef CHR 0.01 1.43 0.97 0.99 0.80 2.38 0.65 1.51 1.34 0.50 0.46 0.67 0.03 0.80 5 1
Benzo[b]fluoranthene+ BbFA+ 0.001 0.03 0.46 0.05 0.44 1.78 0.27 0.39 0.33 0.08 0.23 0.44 0.01 0.30 0.5+ 1+
benzo[k]fluoranthenef BkFA 0.5 0.8
Benzo[a]pyrene BaP b0.001 0.05 2.30 0.06 3.04 10.7 1.19 1.38 0.77 0.07 0.72 2.83 0.02 0.98 0.1 1
Indeno[1,2,3-cd]pyrene IP 0.001 0.09 1.08 0.05 nc nc 3.73 nc nc 0.07 1.26 nc 0.04 0.08 0.1 0.5
Dibenz[a,h]anthracenef DBahA b0.001 nc nc 0.03 nc nc nc nc nc nc nc nc nc b0.03 0.1 0.33
Benzo[ghi]perylene BghiP 0.01 0.28 8.36 0.25 nc nc 29.2 nc nc 0.46 9.02 nc 0.25 0.37 0.1 100
Σ9 PAHs 0.04 3.67 28.5 1.90 7.25 17.1 45.1 8.11 3.03 1.59 22.9 9.76 1.11 7.25 10g

b…: not detected (the reported concentration is the estimated limit of detection). nc: not calculable due to interference from the laboratory blank sample.
a Compound of recycled tyre dust coated by extrusion.
b Threshold values for soils to be reclaimed for use as “green areas”.
c NY State, soil cleanup legislation: concentrations requiring no use restrictions.
d Cr (VI) and Cr (III), respectively.
e Ranked according to increasing GC retention time.
f CHR co-eluted with triphenylene; DBahA co-eluted with its isomer DBacA; the sum BbFA+BkFA also included the unresolved isomer BjFA.
g Threshold value including also four dibenzopyrenes (DBaeP, DBahP, DBaiP, DBalP) not determined in these samples. 4951
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composition, the conditions of use of the playing field, its age, and the
meteorological and climatic conditions.

There is little data concerning dangerous substances contained in,
and released from, rubber granulates. The contents of PAHs and
metals were determined by Zhang et al. (2008) in seven samples from
fields at different ages, and by Gomes et al. (2010) in one sample
within a study concerning the use of coated rubber granulates.

PAHs concentrations in air during normal operating conditions
were measured in Norway (together with VOCs, PM10 and PM2.5)
inside three indoor artificial-turf halls (Dye et al., 2006). BaP was
found at mean concentrations ranging 0.8–1.2 ng/m3; however, the
increase in concentration due to the activity in the hall with respect to
the background level was not reported.

In this work, we determined the following selected substances in,
and released from, recycled rubber granulates: (a) metals and PAHs in
13 granulates of different origins; (b) PCBs, PCDDs, PCDFs and PAHs in
an additional granulate obtained from recycled tyres; and (c) PAH
concentrations in air at two in-use playing fields whose granulates
were obtained from recycled tyres, measured using static and
personal samplers, respectively. The purposes were to identify any
occurrence of some potential chemical risks consequent to the use of
artificial playing fields, and to preliminarily assess the increased
carcinogenic risk associated with the inhalation exposure to PAHs
released during the use.

To our knowledge, these are the first reported measurements
concerning the content of PCBs, PCDDs and PCDFs in a rubber
granulate, and the PAH concentrations the users may actually be
exposed to.

2. Experimental

The study was developed through four steps.

Step 1 Metals and PAHs in 13 granulates of various origins. Twenty-five
metals and nine PAHs were determined in rubber granulates
whose origins were (Table 1): virgin thermoplastic, coated
recycled tyres, compound of recycled tyre dust coated by
extrusion, recycled tyres, recycled technical scrap of vulca-
nised rubber for uses other than tyres, and recycled ground
gasket materials. Samples were collected from 13 playing
fields located in 10 Italian towns.

Step 2 PAHs, PCBs, PCDDs and PCDFs in a recycled tyre granulate. To
confirm the high PAH levels found in the recycled rubber
granulates analysed in Step 1, a granulate obtained from
recycled tyres was collected from an additional field and
analysed for PAHs. The same sample was also analysed for
PCBs, PCDDs and PCDFs.

Step 3 PAHs in air, static sampler. To investigate the inhalation
exposure to PAHs by the users of playing fields, PAH
concentrations in air were measured in the field whose
granulate had shown the highest PAH content in Step 1. Air
samples were collected during training activity using a high
volume (hi-vol) sampler located within the field.

Step 4 PAHs in air, personal samplers. PAH concentrations in air were
measured at the field investigated in Step 2, using personal air
samplers worn by the athletes.

2.1. Methods for the analysis of rubber granulates

2.1.1. Sampling
Sampling was performed according to a procedure described in

detail elsewhere (Bocca et al., 2009). Briefly, the playing field was
divided in 12 sectors of identical area. About 50 g of granulate were
collected from the centre of each sector. The 12 samples were pooled
to obtain one composite sample per field. Visible organic matter and
stones were removed by hand.
2.1.2. Metals
The method for the total content of metals was previously

described in Bocca et al. (2009). Briefly, about 0.5-g rubber granulate
was added with 3 ml of ultrapure HNO3 (Carlo Erba, Milan, Italy), 1 ml
of supra-pure HF (Merck, Darmstadt, Germany) and 1 ml of ultrapure
HClO4 (Carlo Erba), and microwave (MW) digested (FKV Milestone,
Milan, Italy) through the following cycle: 10 min at 250 W, 5 min at
400 W and 5 min at 600 W. The solution was further added with 1 ml
of HNO3, 1 ml of HF and 2 ml of HClO4 and again subjected to MW
irradiation as described above. The high-resolution inductively
coupled plasma mass spectrometry was used for the determination
of elements according to Bocca et al. (2007). As target metals
(Table 1), we selected those required by the Italian legislation
concerning soils to be reclaimed for use as “green areas” (Gazz. Uff.,
2006; see Section 3.1.1).

2.1.3. PAHs
The method was previously described in detail (Abate et al.,

2010a). About 2-g rubber granulate was spiked with a mixture of
totally deuterated PAHs (d-PAHs), used as internal standards, which
were allowed to equilibrate with the matrix overnight (the amount of
the extracted granulate was 10-fold larger than the amount
successively cleaned up for the analysis, to take into account a poor
homogeneity, if any, of the sampled material). PAHs were ultrason-
ically extracted with three 20-ml portions of dichloromethane and
then with one 20-ml portion of n-hexane (each extraction time,
30 min). The extracts were combined and concentrated under
reduced pressure at 35 °C to about 40 ml. A 10% portion of the
combined extract was allowed to sorb onto about 0.5-ml silica gel
containing 10% (w/w) of water. After evaporation of the solvent under
light nitrogen flow, the extract (appearing as a dry powder) was
transferred to the top of a silica gel column (i.d., 1 cm) containing
10% (w/w) of water. The column was pre-washed with 14 ml of
n-hexane (discarded) and then eluted with n-hexane. Two fractions
were collected according to a procedure previously published (Turrio-
Baldassarri et al., 2003): Fraction I (14 ml), containing light aliphatic
hydrocarbons, and Fraction II (70 ml), containing heavy aliphatic
hydrocarbons and PAHs. Fraction II was concentrated under reduced
pressure, transferred into a conic vial, addedwith 1 μl of n-tetradecane
as a solution keeper, and reduced to near dryness under light nitrogen
stream.

The sample was taken up with 500 μl of 13C-BaP solution at
200 pg/μl as an injection standard, diluted to 1.5 ml with iso-octane,
and analysed by HRGC-LRMS (EI, 35 eV) in the SIM mode. PAHs were
identified using their relative retention time and quantified by
monitoring the molecular mass. The target PAHs were selected on
the basis of the aforementioned legislation (Section 2.1.2): the set of
nine PAHs listed in Table 1 for the analysis of the 13 granulates in Step
1, plus four dibenzopyrenes for the analysis of the recycled tyre
granulate in Step 2 (Table 2).

The method performances, as determined for the nine PAHs listed
in Table 1 within an intra-laboratory in-house validation, were
reported by Abate et al. (2010a). In short: the limit of detection of
the method ranged from 0.005 to 0.03 mg/kg; the repeatability
standard deviation (n=5 replicate analyses of the same sample) was
in the 5–7% range (13% for DBahA); the expanded uncertainty
(coverage factor k=2) was in the 14–59% range for the individual
PAHs and ≤30% for Σ9 PAHs. The recovery rates of deuterated
standards were in the 40–120% range.

2.1.4. PCBs, PCDDs and PCDFs
The method was adapted from previously published methods

(di Domenico et al., 1992; Turrio-Baldassarri et al., 2007), and was
described in detail elsewhere (Abate et al., 2010b). About 5-g rubber
granulate was spiked with a mixture of 13C-labelled PCB, PCDD and
PCDF congeners, extracted and concentrated, as above described for



Table 2
Concentrations of PAHs, NDL-PCBs, PCDDs and PCDFs (mg/kg, dw) in the recycled tyre
granulate from the playing field No. 2.

PAHs NDL-PCBs

PY 14.2 2,2′,5-T3CB [18] 6.16×10−3

BaA 0.51 2,4,4′-T3CB [28] 6.28×10−3

CHRa 5.01 2,4′,5-T3CB [31] 7.80×10−3

BbFA+BkFAa 2.30 2,3′,4′-T3CB [33] b0.10×10−3

BaP 1.81 2,2′,4,5′-T4CB [49] 9.27×10−3

IP 1.02 2,2′,5,5′-T4CB [52] 8.24×10−3

DBahAa 0.36 2,3′,4,4′-T4CB [66] 3.97×10−3

BghiP 6.93 2,3′,4′,5-T4CB [70] 6.16×10−3

DBalP b0.05 2,4,4′,5-T4CB [74] 2.36×10−3

DBaeP 0.18 2,2′,3,4′,6-P5CB [91] 0.93×10−3

DBaiP b0.05 2,2′,3,5′,6-P5CB [95] 6.78×10−3

DBahP b0.06 2,2′,4,4′,5-P5CB [99] 3.28×10−3

Σ13 PAHs 32.5 2,2′,4,5,5′-P5CB [101] 9.99×10−3

Italian soil legislationb See footnote c 2,3,3′,4′,6-P5CB [110] 9.62×10−3

2,2′,3,3′,4,4′-H6CB [128] 3.52×10−3

2,2′,3,4,4′,5′-H6CB [138] 12.9×10−3

PCDDs+PCDFs ×10−5 2,2′,3,4,5,5′-H6CB [141] 3.70×10−3

2,3,7,8-TCDD b0.08 2,2′,3,4′,5,5′-H6CB [146] 2.22×10−3

1,2,3,7,8-PeCDD b0.10 2,2′,3,4′,5′,6-H6CB [149] 10.2×10−3

1,2,3,4,7,8-HxCDD b0.15 2,2′,3,5,5′,6-H6CB [151] 2.98×10−3

1,2,3,6,7,8-HxCDD b0.11 2,2′,4,4′,5,5′-H6CB [153] 16.2×10−3

1,2,3,7,8,9-HxCDD b0.12 2,2′,3,3′,4,4′,5-H7CB [170] 5.34×10−3

1,2,3,4,6,7,8-HpCDD 40.9 2,2′,3,3′,4,5,6′-H7CB [174] 4.16×10−3

OCDD 288 2,2′,3,3′,4,5′,6′-H7CB [177] 2.29×10−3

2,3,7,8-TCDF 0.26 2,2′,3,4,4′,5,5′-H7CB [180] 11.6×10−3

1,2,3,7,8-PeCDF b0.08 2,2′,3,4,4′,5′,6-H7CB [183] 2.34×10−3

2,3,4,7,8-PeCDF b0.07 2,2′,3,4′,5,5′,6-H7CB [187] 4.40×10−3

1,2,3,4,7,8-HxCDF 0.30 2,2′,3,3′,4,4′,5,5′-O8CB [194] b0.22×10−3

1,2,3,6,7,8-HxCDF b0.20 2,2′,3,3′,4,4′,5,6′-O8CB [196] b0.25×10−3

1,2,3,7,8,9-HxCDF b0.25 2,2′,3,4,4′,5,5′,6-O8CB [203] b0.19×10−3

2,3,4,6,7,8-HxCDF b0.25 Σ30 PCBs 0.18
1,2,3,4,6,7,8-HpCDF 1.49 Italian soil legislationb, Σ PCBse 0.06
1,2,3,4,7,8,9-HpCDF b0.11 NY soil legislationf, PCBse

OCDF 2.92 unrestricted use 0.10
Σ17 PCDDs+PCDFs 334 residential use 1
WHO— TE PCDDs+
PCDFs

0.67d

Italian soil legislationb,
WHO— TE PCDDs+
PCDFs

1

PAH abbreviations as per Table 1. DBalP: dibenzo [a,l] pyrene; analogously for DBaeP,
DBaiP, DBahP. b…: see footnote in Table 1.

a See footnote f in Table 1.
b Threshold values for soils to be reclaimed for use as “green areas”.
c See Table 1 (column “Green area use”) for the threshold values of ΣPAHs and

individual PAHs. The threshold value for each DBP is 0.1 mg/kg.
d Medium-bound estimate (bLOD entered in the sum as 1/2 LOD).
e Congeners unspecified.
f New York State, soil cleanup legislation. Concentrations requiring no use restriction

and concentrations allowed for a residential use.
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PAHs. As for PAHs, a 10% portion of the combined extract was diluted
with 50 ml of n-hexane and allowed to percolate through a glass
column (i.d., 4 cm) packed with 20 g of Extrelut® impregnated with
20 ml of concentrated sulphuric acid. After eluting the sample with
250 ml of n-hexane, the eluate was concentrated to 15 ml under
reduced pressure. Clean-up was carried out by using an automated
multi-column Power-Prep™ system equipped with a disposable
column set constituted, in sequence, by a multi-layer silica column,
a basic alumina column, and a carbon-celite column. The sample
was transferred onto the silica column and eluted with 80 ml of
n-hexane. The eluate was further eluted with 150 ml of a 50:1 (v/v)
n-hexane/dichloromethane mixture through the alumina column to
collect a first fraction containing non-dioxin-like PCBs (NDL-PCBs)
(besides mono-ortho DL-PCBs not included in this study). The eluate
was finally transferred onto the carbon-celite columnwith 190 ml of a
1:1 (v/v) n-hexane/dichloromethane mixture and back-flushed with
70 ml of toluene to collect a second fraction containing PCDDs and
PCDFs (besides non-ortho DL-PCBs not included in this study).
Each fractionwas treated as per Fraction II of PAHs (see above) and
finally taken with 50 μl of iso-octane containing the injection
standards: 13C-chlordane for the NDL-PCB fraction, and 13C-
1,2,3,6,7,8-H6CDD and 13C-1,2,3,7,8,9-H6CDF for the PCDD+PCDF
fraction.

NDL-PCBs were determined by HRGC-LRMS (SIM) and PCDDs and
PCDFs by HRGC-HRMS (SIM) with a resolution of 10,000 (both MS: EI,
35 eV). The congener identification was carried out using both the
relative retention time and the ratio of the twomost intensemasses of
the molecular multiplet; the latter was also used for quantification.

The method performances, as determined within an intra-
laboratory in-house validation, were the following: for most conge-
ners, the limit of detection was about 10–20 ng/kg for NDL-PCBs and
ranged 0.3–1.3 ng/kg for PCDDs and PCDFs; the repeatability standard
deviation was ≤20% for the individual congeners and the cumulative
values; the expanded uncertainty of the method (coverage factor
k=2) was ≤25% for the individual congeners and ≤20% for the
cumulative values. The recovery rates of labelled standards were in
the 40–120% range.

2.2. Determination of PAHs in ambient air, playing field No. 1

2.2.1. The playing field
To investigate the inhalation exposure to PAHs under presumed

worst-case conditions, samples were collected in the field whose
granulate had previously shown (Step 1) the highest content of Σ9
PAHs (Table 1, sample code 3/C).

Thefieldwas located in a green area in Rome, approximately 100 m
far from the nearest road and 220 m from a traffic road. Apart from
vehicular traffic, no PAH source was identified in the neighbouring
area. The location could be considered as an urban background site.
The field was commonly used approximately 2 to 5 h/day, all year
round, for football matches and training activities involving about 20
athletes.

2.2.2. Target PAHs
The samples were analysed for the seven PAHs whose monitoring

in ambient air is regulated in the European Union (EU, 2005)
(Table 3): the human carcinogen BaP (PAH abbreviations are reported
in Tables 1 and 2) and six PAHs “probably” (BaA and DBahA) or
“possibly” (BbFA, BjFA, BkFA and IP) human carcinogens (IARC, 2010).

2.2.3. Sampling
The target PAHs are almost exclusively present in ambient air as

particle-bound compounds (Menichini and Monfredini, 2003). So, the
air samples were collected on glass fibre (GF) filters (Pall, type A/E,
20.3×25.4 cm, NY, USA) using three hi-vol samplers (General Metal
Works-Sierra Andersen, mod. SAUV-15H) equippedwith a PM10 size-
selective inlet (mod. SA 1200), operating at a constant flow rate of
1.13 m3/min. Sampling duration was about 2–3 h, i.e., the usual daily
duration of a training session. Sampling was performed during 3 days
in May. The mean ambient temperature during the three sampling
periods ranged 22–24 °C and the mean relative humidity 65–67%.

2.2.4. Sampling strategy
The following measures were taken to collect samples as far as

possible representative of the air inhaled by the athletes. Sampling
was performed during the training activity, with a sampler located
within the playing field. The activities included athletic training,
football matches and motionless briefing. The athletes were asked to
make their usual activity as far as possible around the sampler, i.e.,
within some tenths of metres from it.

A second sampler was simultaneously operated outside the field,
approximately 40 m from the nearest field border, to estimate the
background concentrations in a contiguous area. A third one was
operated at the PAH monitoring station of our Institute, located in



Table 3
PAH concentrations in air during the use at the playing field No. 1.

PAHs 1st sampling day 2nd sampling day 3rd sampling day Mean

Concn. (ng/m3)a Field/
urban %

Concn. (ng/m3)a Field/
urban %

Concn. (ng/m3)a Field/
urban %

Concn. (ng/m3)a Field/
urban %

Field BG Urban Field BG Urban Field BG Urban Field BG Urban

BaA 0.05 0.04 0.06 82 0.03 0.04 0.08 40 0.03 0.03 0.06 48 0.04 0.04 0.07 57
B(b+j+k)FAsb 0.10 0.09 0.14 72 0.11 0.11 0.20 54 0.09 0.08 0.15 57 0.10 0.09 0.16 61
BaP 0.06 0.05 0.08 79 0.05 0.05 0.10 50 0.04 0.04 0.09 46 0.05 0.05 0.09 58
IP 0.06 0.05 0.08 74 0.05 0.05 0.09 54 0.05 0.04 0.09 55 0.05 0.05 0.09 61
DBahA (+DBacA)b 0.01 0.01 0.01 78 0.01 0.01 0.01 64 0.01 0.01 0.01 74 0.01 0.01 0.01 72

a At the field, outside the field (background, BG) and at an urban site. Results corrected for the recovery rate of the surrogate standard.
b See footnote f in Table 1.

4954 E. Menichini et al. / Science of the Total Environment 409 (2011) 4950–4957
Rome in a mixed medium traffic-residential area described elsewhere
(Menichini et al., 1999), to allow comparing the concentrations
measured at the playing field with the simultaneous concentrations at
an urban site.

2.2.5. Sample treatment and analysis
After removal from the sampler, filters were stored at −18 °C.

Before extraction, theywere evenly spiked drop by dropwith 100 μl of
a solution of d-BaP in toluene at 0.1 ng/μl, as a surrogate standard. The
total spiked amount was 10.0 ng: for a 2-h hi-vol sampling, this
amount is equivalent to an air concentration of 0.07 ng/m3, in the
order of magnitude of the expected BaP concentration inMay in Rome
atmosphere (Menichini and Monfredini, 2006). After solvent evapo-
ration, filters were ultrasonically extracted with dichloromethane,
three times for 15 min with 80+50+50 ml. The extracts were stored
at 4 °C without clean-up.

Immediately before the analysis, each sample was concentrated to
ca. 400 μl and spiked with 25 μl of a solution of d-PE in toluene at
0.40 ng/μl, as an internal standard. Samples were made up with
toluene to 500 μl immediately before the analysis which was
performed by GC/LRMS (SIM). Each sample was analysed in duplicate.
The recovery rate of the surrogate standardwas in the 86–107% range.

A laboratory blank sample was run on each sampling day, by
taking a blank filter in parallel to the field samples through the same
analytical procedure as field samples. PAHswere detected in the blank
samples at not quantifiable levels, i.e., at concentrations lower than 4–
8% (24–34% for DBahA) of those measured in the field samples.
Table 4
PAH concentrations (ng/m3) in air during the use at the playing field No. 2.

1st sampling day

Sampling site In the field Background Urban

Particulate matter TSP TSP TSP

Sampler Personal Lo-vol Lo-vol

Volume, m3 1.0 1.5 2.0

PAHs

BaA 0.05–0.2⁎ 0.05–0.1⁎ 0.02–0.1⁎

CHR (+TRI)a 0.2–0.3⁎ 0.1–0.2⁎ 0.01–0.1⁎

B(b+j+k)FAsa 0.6–0.7 0.3–0.4 0.1–0.2
BaP 0.3 0.2 0.1
IP 0.5 0.2–0.3 0.1
DBahA (+DBacA)a 0.1 ≤0.04⁎ ≤0.02⁎

BghiP 0.3–0.4 0.1 0.1
DBalP b0.03 b0.03 b0.02
DBaeP b0.03 b0.03 b0.02
DBaiP b0.03 b0.03 b0.02
DBahP b0.03 b0.03 b0.02

Ranges refer to the concentrations calculated by applying or not the correction for the labo
TSP: Total Suspended Particles; nc=not calculable due to interefrence; b…: not detected (

a See footnote f in Table 1.
⁎ In at least one laboratory blank, the GC signal was N40% than the signal in the sample.
Results were corrected for the blank by subtracting a concentration
corresponding to half the mentioned percentages on a sample-by-
sample basis. The estimated limit of detection of the method was
0.002 ng/m3.

The whole procedure (sampling and analysis) was in agreement
with the CEN (2008) method for BaP in ambient air.
2.3. Determination of PAHs in ambient air, playing field No. 2

2.3.1. The playing field
The field was the one whose granulate was previously analysed

(Step 2). It was located in Rome. Three sides were near low-traffic
roads, whereas the fourth side was close to a high-traffic road. Apart
from vehicular traffic, no other PAH source was identified in the
neighbouring area. The fill-in material consisted of recycled tyre
rubber granulate. The field was commonly used as per field No. 1
(Section 2.2.1).
2.3.2. Target PAHs
Besides the seven PAHs previously determined at the playing field

No. 1, six other PAHs were included in the analysis (Table 4), resulting
in the same PAH set determined in the rubber granulate of the field.
Pyrene, a further target PAH in the granulate analysis, was not
determined since in air it is only partially present in the particulate
phase, especially during the summer (Menichini and Monfredini,
2003).
2nd sampling day

Urban In the field Background Urban Urban

PM10 PM10 TSP TSP PM10

Hi-vol Personal Lo-vol Lo-vol Hi-vol

82.5 0.6 2.6 2.8 122

0.02 0.1–0.2⁎ 0.04–0.1⁎ ≤0.04⁎ 0.02
0.04 0.3–0.5⁎ 0.2 0.05–0.1⁎ 0.05
0.1 1.0–1.2 0.2 0.1⁎ 0.1
0.03 0.5 0.1 0.03–0.1⁎ 0.03
0.03 0.6 0.1 0.1 0.04
0.003 0.1 0.01–0.02⁎ ≤0.01⁎ 0.003
0.1 0.8–0.9 0.1 0.2 0.1
nc nc b0.02 nc nc
b0.002 b0.1 b0.02 b0.02 nc
b0.001 b0.1 b0.02 b0.02 b0.001
b0.001 b0.1 b0.02 b0.02 b0.001

ratory blank (see text, Section 2.3.5).
the reported concentration is the estimated limit of detection).
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2.3.3. Sampling
Air samples were collected using: (a) personal samplers for total

suspended particles (TSP) of the type commonly used at workplaces
(model GilAir-5; Gilian Instr. Corp., NY, USA), equipped with an open-
face filter holder and a GF filter (Gelman Instr. Comp., Ann Arbor, MI,
USA; type A/E; d, 37 mm), operating at 4.2 L/min; (b) a personal
sampler (Leland Legacy, SKC, PA, USA) equipped with a PM10 size-
selective inlet PEM (Personal Environmental Monitor, model 200,
MSP Corporation, MN, USA) and a GF filter (d, 37 mm), operating at
10 L/min; (c) low volume (lo-vol) samplers (Bravo M, Tecora, Milan,
Italy) equipped with an open-face filter holder and a GF filter (d,
47 mm), operating at 25 L/min; and (d) a hi-vol sampler as for the
playing field No. 1.

Personal samplerswereworn by the athletes to collect air samples as
much as possible representative of the actual exposure to particle-
bound PAHs. The samplers were fastened on a waist-band, except the
heavier PM10 personal sampler which was housed in a small backpack.

Sampling was performed during two days in June, with substan-
tially identical climatic conditions. The mean ambient temperature
during the two sampling periods ranged 34–38 °C and the mean
relative humidity 34–36%.

2.3.4. Sampling strategy
• Criteria adopted in selecting the sampling conditions. We considered
that any release of particulate matter is likely consequent to the
stress of the ground, namely the stamping of the ground and, in case
of football activity, the rebound of the ball. We also wanted the
collected samples to be representative of the presumed worst-case
conditions. Based on this, the following criteria were adopted.

(1) Sampling under dry conditions, favourable to the dispersion of
particulate matter in air: after nine days from the last rain, with
a low relative humidity, in the afternoon, i.e., distant from any
night humidity deposited on the ground.

(2) Sampling in the summer when PAH concentrations in urban air
are the lowest in the year (Menichini et al., 1999): the lower the
backgroundconcentrationsoutside theplayingfield are, themore
any low increase of concentration in the field can be detected.

(3) Athletes continuously moving: so the particulate matter was
continuously raised from the ground.

(4) Filter holder fastened on thewaist-band at a height of about 1m
above the ground: this height simulated sampling in the
respiratory zone of children (while likely overestimated the
inhalation of particulate matter by adults).

(5) The open face of the filter holder turned back: so the particulate
matter was collected as close as possible to the point where it
was raised consequent to the stamping of the ground.

The athletes, all volunteers, were asked to perform a training
activity consisting in a light running. Each athlete ran for about 1 h.
During sampling as well as in the preceding morning time, no other
activity was performed in the field.

• Samples collected in the playing field. Given the limited availability of
both the field and the athletes, the following samples could be
collected. On the first sampling day, two athletes wore two personal
TSP samplers each, with the filter holders distant from one another.
The four filters were extracted together resulting in one 4-h
composite sample. On the second sampling day, one athlete wore
a personal PM10 sampler.

• Samples collected outside the playing field. The following samples were
collected simultaneously to the samples in the field: (a) a lo-vol TSP
sample outside the field, at 25 m from the nearest field-border and
at 8 m from a low-traffic street, to estimate the background PAH
concentrations in a contiguous area; (b) a lo-vol TSP sample and a
hi-vol PM10 sample at the aforementioned PAH monitoring station
in Rome, to compare the concentrations in the field with those at an
urban site. Finally, a 24-h hi-vol PM10 sample was collected at the
latter monitoring station on the two sampling days.

2.3.5. Sample treatment and analysis
The samples were treated and analysed as reported for the playing

field No. 1, with the following differences.
The surrogate standard spiked onto the filters was constituted by

10 μl of the solution of d-BaP at 0.1 ng/μl. The ultrasonic extraction of
personal and lo-vol samples was performed with 30+20+20 ml of
dichloromethane (Menichini and Monfredini, 1995). The internal
standard was constituted by 10 μl of a solution of d-PE in toluene at
0.1 ng/μl, added to samples concentrated at about 70 μl (400 μl for the
hi-vol samples). The final volume for the analysis was 100 μl (500 μl
for the hi-vol samples).

Under the experimental sampling conditions (namely: short
sampling durations, low sampling flow-rates and low PAH concentra-
tions in air), low PAH amounts were collected. Consequently, the
contribution of interfering ions occurring in blank samples was not
negligible in a number of quantifications. In these cases, the result was
given as a range referring to the concentrations calculated by correcting
or not for the blank: the true value is within the range. The recovery
efficiency of d-BaP ranged 95–107%.

3. Results and discussion

3.1. Metals and PAHs in the rubber granulates

3.1.1. Analysis of 13 samples of various origins
The contents of metals and PAHsmeasured in the set of 13 samples

(Step 1) are shown in Table 1, where samples were grouped in subsets
on the basis of their origin. Summary statistics of metal determina-
tions were previously reported (Bocca et al., 2009).

Table 1 also shows the concentrations set in Italy as threshold values
for soils to be reclaimed for use as “green areas” (Gazz. Uff., 2006). These
values were chosen for reference in the absence of quality standards for
materials to be used in playing fields. For completeness of information,
Table 1 also reports the concentrations set in the New York State as
“cleanup objectives” for soils which require no use restrictions (NYDEC,
2006) and hence roughly assimilable to playing fields. As to metals,
these concentrations are mostly in the order of magnitude of the
mentioned Italian soil standards, while for some PAHs they exceed the
Italian standards by up to two orders of magnitude.

Of the 25 elements determined, only Zn (an additive used as zinc
oxide in rubber compounding; IARC, 1982) was present at concentra-
tions largely exceeding the mentioned standards in almost all the
samples, up to over two orders of magnitude. The concentrations of Zn
in granulates (except the virgin thermoplastic sample 1/A) ranged from
1.1 to 19 g/kg. The high values within this range were distributed in
various subsets of samples: no ranking of the contentwas evident based
on the origin of the granulate. The Italian standards were also exceeded
by Co and Sn, approximately in half of the samples.

PAHs generally showed a high variability, even greater than one
order of magnitude, for granulates of the same origin. The BaP
concentrations ranged from 0.02 to 11 mg/kg (except in sample 1/A),
i.e., up to 100-fold the pertinent Italian standard for a “green area” use
of a soil. Almost all the measurements of the other PAHs were below
the pertinent standards, except BghiP and PY, two substances ofminor
health concern. The Σ9 PAHs in recycled rubber samples spanned over
two orders of magnitude. In the virgin sample 1/A, as expected, such
sumwas lower (two orders of magnitude lower than themedian of all
samples); however, the other virgin sample (1/B) was even richer of
PAHs than some recycled samples (see here below). As for Zn, no
ranking was observed based on the origin of the recycled rubber
granulate, for the BaP content and for the content of PAHs as a sum.

These results were consistentwith the few ones previously obtained
in rubber granulates. Zhang et al. (2008) determined Zn in two samples
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at concentrations of 5.7 and 10 g/kg, and BaP in seven samples at
concentrations of 0.06 and 8.6 mg/kg. Gomes et al. (2010) determined
BaP at 1.2 mg/kg. The metal results are also in agreement with the
analyses of two tyre rubbers from New Zealand and UK. The former
showed elevated concentrations of Al, Ba, Fe and Zn, and very low or
undetectable levels of As, Be, Cd, Hg, Li, Mo, Ni, Rb, Sb, Se, Sn, Tl, V andW
(Kennedy and Gadd, 2000). The UK material showed metal contents
according to the sequence ZnNFeNAlNMg (San Miguel et al., 2002).

In summary, the metal and PAH contents were quite variable,
regardless of the origin of the rubber. A granulate constituted by a virgin
thermoplastic material (sample 1/B) had Zn and PAH contents similar
to, or higher than, the granulates constituted by, respectively, scraps of
vulcanised rubber and three granulates of recycled rubber (2/B, 4/B and
5/C). Compared to the other virgin thermoplasticmaterial (sample 1/A),
the former one (1/B) contained elements at concentrations even three
(Al and Ba) or two (Be, Cu and Mo) orders of magnitude higher, while
other elements were in the same order of magnitude (Cd, Co, Cr, Li, Mg,
Ni and Pb).We do not have an explanation for that.Moreover, sample 1/
B was marketed as virgin but the rubber manufacturing and product
traceability were unknown.

TheZnandPAHcontents are likely todependonvarious factors, such
as the brand of the artificial turf, the composition of the wastematerials
collected to produce the final granulate, the inclusion of inferior waste
within the artificial turf. As to PAHs, the contentmayalso largely depend
on the weathering of the granulate, i.e., its age in the playing field and
themeteorological and climatic conditions during its life. The decline of
PAH contents as the field ageswas observed by Zhang et al. (2008), who
also noticed that the decay was complicated by the refilling with new
rubber granules to compensate for the loss of the material. Similarly,
VOCs out-gassing from rubber granulates were found to decrease in
samples collected at two-year-old fields when compared with a virgin
material (Li et al., 2010).

3.1.2. Analysis of a recycled tyre granulate from a further playing field
The PAH concentrations determined in an additional sample of

granulate obtained from recycled tyres (Step 2) are reported in Table 2.
These results generally confirmed the contentswehad previously found
in the most contaminated samples out of the 13 analysed at Step 1. The
mentioned Italian soil standardswere exceeded for the sumof PAHsbya
factor of 3 and for BaP by one order of magnitude.

3.2. PCBs, PCDDs and PCDFs in a rubber granulate

Table 2 gives the concentrations of PCBs andPCDDs+PCDFs (Step2).
The sums of 30 NDL-PCBs and WHO-TE PCDDs+PCDFs were,
respectively, 0.18 and 0.67×10−5 mg/kg. The mentioned Italian soil
standards (Section 3.1.1) were exceeded for the sum of PCBs by a factor
of 3, while the sum of WHO-TE PCDDs+PCDFs was equal to 2/3 of the
standard.

3.3. PAH concentrations in ambient air, playing field No. 1

The PAH concentrations in air during the use of the field are
reported in Table 3, together with the simultaneous background
concentrations and the simultaneous concentrations at a urban site in
Rome. The air concentrations in the field were substantially constant
on the three sampling days, not significantly different from that
detected at the background site and lower (~60%, on average) than
those of the urban site. BaP reached approximately 5% of the target
value in the EU (2005). The concentration ratios of all PAHs vs. BaP
lied in the respective ranges observed in urban areas (Menichini et al.,
1999). The concentrations measured in the field substantially
equalled the urban background concentrations measured close to
the field, and the contribution of PAHs released from the granulate
was likely negligible. Since target PAHs are present in air as particle-
bound, their highest concentrations are expected to occur close to the
points where the turf is stressed causing particles to be released.
However, for practical reasons (not to hinder the activity), the hi-vol
air sampler was located at some tenths of metres from the athletes,
which implies the measurements could underestimate the actual
concentrations the athletes were exposed to.

3.4. PAH concentrations in ambient air, playing field No. 2

The PAHs concentrations are reported in Table 4. The results
whose accuracy was heavily affected by the laboratory blank
(Section 2.3.5) are flagged with an asterisk.

BaA and CHR are expected to be underestimated, since they are
also present in the vapour phase, in relevant percentages depending
on meteorological conditions: 70% of their concentrations were
previously found in the vapour phase in Rome in June (Menichini
and Monfredini, 2003).

The BaP atmospheric concentrations in Rome during the two
sampling days, as measured by our PAH monitoring station, were
among the lowest in the year: 0.07 and 0.11 ng/m3 as daily means in
the PM10 fraction.

The BaP concentrations the athletes were exposed to, during the
activity in the field on the 2 days of sampling, were 0.3 and 0.5 ng/m3.
The simultaneous background concentrations outside the field were 0.2
and 0.1 ng/m3, respectively. The concentration of 0.5 ng/m3 was
measured in a PM10 sample while the other three concentrations
were measured in TSP samples. There is no data about size distribution
of particle-bound PAHs originated from in-fill materials. However, 5-
and 6-ring PAHs in urban air are known to be almost exclusively present
in the PM10 fraction (Menichini and Monfredini, 1995). As a first
approximation, we assumed that PAH contents measured in PM10 and
TSP fractions were comparable. Hence, on the first sampling day, we
measured a BaP increase approximately in the order of 0.1 ng/m3

relatively to the background concentration outside the field. On the
second day, such increasewas about 0.4 ng/m3. The other PAHs showed
similar behaviours.

3.5. A preliminary risk assessment for the inhalation exposure to BaP

The PAH concentrations measured at the playing field No. 1 were
not different (within ±0.01 ng/m3) from the background concentra-
tions measured outside the field. The samples were collected during a
typical training session including also pauses without stamping of the
ground. Instead, at the playing field No. 2, close to continuously
running athletes, we measured increased concentrations in air of
PAHs, relative to background concentrations. Under the worst-case
scenario, the increase of BaP, the PAH commonly assumed as a marker
of carcinogenicity of PAHs in ambient air (IPCS, 1998;WHO, 2000; EU,
2005), was approximately 0.4 ng/m3. So, the true incremental
exposure to BaP most probably ranged between b0.01 ng/m3 and
about 0.4 ng/m3.

If asworst-case conditionswe assumean exposure to 0.4 ng BaP/m3,
for 5 h/day, 5 days/week, all year round, the annualmean concentration
anathletewould be exposed towould increase by 0.06 ng/m3 relative to
background levels. Such increase corresponds to 6% of the European
target value. To calculate the increased lifetime exposure, we conser-
vatively multiplied the concentration of 0.06 ng/m3 by 30 years of
athletic activity and averaged over a lifetime of 70 years. As a result, the
athlete could be subjected to an increased lifetime concentration of
0.025 ng/m3, which corresponds to 2.5% of the mentioned European
target value. This concentration is in the order of magnitude of the BaP
concentration of 0.012 ng/m3 estimated by WHO (2000) as associated
to an excess lifetime cancer risk of 1 in a million of exposed persons.
Such estimated risk is the upper-bound value of a range calculated using
the quite conservative multi-stage linearised model.

Due to the limited dataset available, this risk assessment should be
regarded as a preliminary study giving a first indication about the
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inhalation risk associated with the use of the artificial turf under
worst-case conditions.

4. Conclusions

Comparedwith the Italian limits for “green area” soils, high contents
of Zn and PAHs were found in the granulates present in playing fields,
whatever the origin of the rubber. Zn and BaP concentrations largely
exceeded such limits by up to two orders of magnitude. A high
variability was found even within granulates of the same origin,
probably mirroring the composition of wastes used as the starting
material of granulates. Such variability does not allow predicting the
contents of Zn and PAHs on the basis of the rubber origin.

PCBs and PCDDs+PCDFs were found in a recycled tyre granulate,
at levels in the order of magnitude of the mentioned limits. The
analysis was limited to one sample, so their occurrence needs to be
confirmed before drawing conclusions on the potential risks from this
contamination. The concentrations of particle-bound PAHs in air
during the training activity were measured at two playing fields with
recycled-tyre granulate. The increases of BaP concentration in the
field with respect to background concentration outside the field,
varied from approximately b0.01 ng/m3, when measured using a
static sampler close to the athletes, up to 0.4 ng/m3 under the
presumed worst-case scenario, using personal samplers worn by the
athletes.

Based on the 0.4 ng/m3 concentration and using a conservative
approach, we calculated an excess lifetime cancer risk of 1×10−6 for
an athlete with an intense 30-year activity. Indeed, the corresponding
risk tends to be even less relevant for discontinuous or amateur users.

The use of personal air samplers (preferably equippedwith a PM10
size-selective inlet) during a light sport activity like running seems to
be a suitable procedure to estimate the actual concentrations the
athletes are exposed to.

Further work is needed to assess the actual scenarios of exposure
to PAHs by inhalation and the corresponding risks, and to reach more
comprehensive conclusions.
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