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Abstract In this work, an analytical method, based on
sonication-assisted extraction, clean-up by dispersive solid-
phase extraction and determination by liquid chromatography-
tandemmass spectrometry, has been developed and validated for
the simultaneous determination of 15 emerging pollutants in
leaves from four ornamental tree species. Target compounds
include perfluorinated organic compounds, plasticizers,
surfactants, brominated flame retardant, and preserva-
tives. The method was optimized using Box-Behnken
statistical experimental design with response surface
methodology and validated in terms of recovery, accu-
racy, precision, and method detection and quantification
limits. Quantification of target compounds was carried
out using matrix-matched calibration curves. The highest
recoveries were achieved for the perfluorinated organic
compounds (mean values up to 87%) and preservatives
(up to 88%). The lowest recoveries were achieved for
plasticizers (51%) and brominated flame retardant
(63%). Method detection and quantification limits were
in the ranges 0.01–0.09 ng/g dry matter (dm) and 0.02–
0.30 ng/g dm, respectively, for most of the target com-
pounds. The method was successfully applied to the
determination of the target compounds on leaves from
four tree species used as urban ornamental trees (Citrus

aurantium, Celtis australis, Platanus hispanica, and
Jacaranda mimosifolia).

Keywords Tree leaves . Emerging pollutants . Atmospheric
pollution . Bioindicator . Dispersive solid-phase extraction .
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Introduction

Thousands of organic pollutants are continuously introduced into
the atmosphere from anthropogenic activities such as car ex-
hausts, spraying of pesticides, and flaring activities and from
industrial sectors such as cosmetics, chemical, textile, municipal
solid wastes, and others [1]. Contaminants analyzed and con-
trolled in outdoor urban environment are usually persistent or-
ganic pollutants such as polycyclic aromatic hydrocarbons
(PAH) [2, 3], polychlorinated biphenyls (PCB) [1, 4], or organ-
ochlorine pesticides [5, 6]. However, the increasing production
and usage of new products, such as plastic and textile materials,
fragrances, deodorants, and other personal care products, has
resulted in a continuous emission of hundreds of new organic
pollutants, the so-called emerging contaminants, to the atmo-
sphere. Some of these compounds, such as parabens [7],
bisphenol A (BPA) [8], perfluorinated compounds (PFC) [9,
10], hexabromocyclododecane (HBCDD) [1], phthalates [11],
or nonylphenol ethoxylates (NPE) [8], have been identified and
measured in outdoor urban air at concentrations up to thousands
of picograms per cubic meter [12–14]. These compounds, some
of them with endocrine disrupting properties, can be present in
both gaseous phase and adsorbed onto particulate matter.
Therefore, due to their toxicity [1, 8, 11, 14], they could cause
environmental impact and potential effects on health, not only in
areas close to their emission sources but also, depending on their
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volatility and resistance to natural breakdown, could cause envi-
ronmental impact on far away areas, due to their long-range
transport [15].

The evaluation of the presence and distribution of these
organic pollutants in outdoor air requires analytical methodol-
ogies allowing their rapid and reliable determination.
Currently, most of the monitoring air quality programs are
carried out by means of active or passive samplers in which
pollutant accumulation onto sorbent materials occurs with or
without the use of pumps, respectively [16]. Although these
commercial samplers provide useful information about the
distribution of organic pollutants in the inhalable, thoracic,
and breathable fractions [17], their use can involve excessive
acquisition and operation costs. Besides, there are not avail-
able sorbents for the reliable motorization of the broad spec-
trum of organic pollutants emitted to the atmosphere, especial-
ly in the case of emerging pollutants. These difficulties can be
overcome with the use of tree leaves as bioindicators of atmo-
spheric pollution [18]. They constitute an excellent and cost-
effective way to assess the exposure to these compounds [19].
Moreover, the use of evergreen species would allow evaluat-
ing pollutant accumulation through long-term exposure. The
types of tree leaves most used as atmospheric pollution
bioindicators of organic compounds are pine needles [15,
16, 20], gingko [21], eucalyptus, populus [22], quercus [23],
or bitter orange [17]. However, until now, most of these spe-
cies have been used to evaluate the contamination by priority
pollutants such as PCB or PAH.

Most of the analytical methods reported in the literature for
the determination of organic compounds in tree leaves from
urban areas are based on solid-liquid extraction [10, 15, 16,
24–26] of the organic compounds and determination by gas
[10, 15, 16] or liquid chromatography [27], both coupled with
mass spectrometry detector. Soxhlet extraction [24],
sonication-assisted extraction (SAE) [10, 15, 25], accelerated
solvent extraction [16], and microwave-assisted extraction
[26]are the most used extraction methods. However, most of
these methods are focused on the determination of priority
organic pollutants [15–17, 25] and, to the best of our knowl-
edge, only a few analytical methods have been reported for the
determination of emerging pollutants in tree leaves as passive
samplers [10, 15].

The aim of this work was to optimize and validate an ana-
lytical method for the determination of emerging pollutants in
urban tree leaves. Target compounds were selected considering
their toxicity [1], transport [15], persistence [1, 10, 28–30], and
current legislation [1, 15]. The selected compounds were NPE
(including nonylphenol monoethoxylate (NP1EO) and
diethoxylate (NP2EO) and nonylphenol (NP)), two plasticizers
(di(2-ethylhexyl)phthalate (DEHP) and BPA), three parabens
(methylparaben (MeP), ethylparaben (EtP), and propylparaben
(PrP)), six PFCs (perfluorobutanoic acid (PFBuA),
perfluoropentanoic acid (PFPeA), perfluorohexanoic acid

(PFHxA), perfluroroheptanoic acid (PFHpA), perflurorooctanoic
acid (PFOA), and perfluorooctanesulfonic acid (PFOS)),
and a brominated flame retardant (HBCDD). The meth-
od was based on the extraction of organic pollutants by
SAE, clean-up by dispersive solid-phase extraction (d-
SPE) and determination by liquid chromatography-
tandem mass spectrometry (LC-MS/MS).

Experimental

Chemicals and reagents

HPLC-grade water, acetone, methanol, and hexane were sup-
plied by Romil (Barcelona, Spain). Glacial acetic acid and
extrabond primary secondary amine (PSA) sorbent were sup-
plied by Scharlab (Barcelona, Spain). Ammonium acetate,
Florisil sorbent, BPA (≥ 99%), MeP (≥ 99%), EtP (≥ 99%),
PrP (≥ 99%), PFOS (≥ 98%), PFOA (96%), PFHpA (99%),
PFHxA (≥ 97%), PFPeA (97%), PFBuA (98%), HBCDD
(95%), and propyl 4-hydroxybenzoate-13C6 (PrP-13C6)
(50 mg/L in acetone) were purchased from Sigma-Aldrich
(Steinheim, Germany). Bisphenol A-d14 (BPA-d14) (50 mg/L
in acetone) was obtained from Dr. Ehrenstorfer (Augsburg,
Germany). Perfluoro-n-[1,2,3,4-13C4]octanoic acid
(MPFOA) (50 mg/L in acetone) was supplied by Cambridge
Isotope Laboratories (MA, USA). BPA-d14, PrP-

13C6 and
MPFOA were used as internal standards (I.S.). Bondecyl
octadecyl C18 sorbent (40 μm particle size) was provided
by Agilent Technologies (CA, USA).

Individual stock standard solutions of each compound
(1000 mg/L) were prepared in methanol and stored at 4 °C.
Working solutions, composed by a mixture of the target com-
pounds at 10 mg/L, were prepared by dilution of the stock
standard solutions in methanol. A internal standard (I.S.) mix-
ture working solution, at 500 μg/L for PrP-13C6 and MPFOA
and at 1000 μg/L for BPA-d14, was prepared by dilution of
commercial I.S. solutions in methanol. These working solu-
tions were used to obtain spiked samples, matrix-matched
calibration standards, and solvent calibration standards.
Concentrations of I.S. in calibration standards were 50 μg/L
in the case of PrP-13C6 and PFOA-13C8 and 100 μg/L for
BPA-d14.

Sample collection

Tree species studied were an evergreen species (Citrus
aurantium) and three deciduous species (Jacaranda
mimosifolia, Celtis australis, and Platanus hispanica).
C. aurantium is an evergreen species with height up to
10 m. It grows in Asia and North Africa and it is particularly
widespread in the southern region of Europe, especially in the
south of Italy and Spain. J. mimosifolia is a subtropical tree
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that grows wherever there is no risk of frost. It can reach up to
20 m height and becomes leafless in early spring. Their new
leaves begin to appear from late October to early November.
C. australis tree, also called European nettle tree or
Mediterranean hackberry, is a medium tree (10–25 m) that
grows in warm regions of Mediterranean coast. It loses its
leaves (5–15 cm) from December to January (winter) and
the new leaves begin to grow from March to April (in early
spring). P. hispanica is a large tree (20–30 m) that grows in
mild weather. Its leaves (from April to autumn) are large and
have a structure with five peaks.

Samples were collected on November 2016 from two sam-
pling sites from Seville City (south of Spain), an urban area
and an extra-urban park (non-contaminated reference point).
Urban sampling point was located in a high-density traffic
street. The extra-urban park was located, outside the city, at
1 km approximately from the high-density traffic area. In both
cases, wind direction was southeast. Sampled trees were se-
lected taking into account the absence of anomalies, gummo-
sis or putrefaction of the neck of the root, and infections
caused by viruses and parasites. In each sampling point,
25% of trees from each species were sampled (7
C. aurantium, 10 J. mimosifolia, 6 C. australis, and 10
P. hispanica). Ten leaves, two from each cardinal point and
two from the center of the tree were collected from each tree.
Leaves from the same tree species and sampling point were
mixed in order to obtain two laboratory samples of each spe-
cies, one representative of the urban areas and other represen-
tative of non-contaminated locations. Samples were
transported to the laboratory on aluminum foil, cut and
crushed using a crusher, lyophilized (0.01 mbar vacuum after
being frozen at − 18 °C for 24 h), pulverized, and sieved
(< 1 mm). A non-contaminated sample ofC. aurantium leaves
was used for method optimization and validation.

Sample treatment

Sample (0.5 g) was weighed into a 10-mL glass centrifuge
tube, mixed with 0.2 g of magnesium sulfate and 0.05 g of
sodium chloride and extracted twice with two aliquots of 6 mL
of acetone/acetonitrile (70:30, v/v) mixture. In each extraction,
tubes were vigorously vortex-mixed during 60 s, sonicated for
15 min at 30 °C, and centrifuged at 4000 rpm for 25 min. The
extracts were combined and cleaned-up by d-SPE. For this
purpose, the extracts were transferred to a 10-mL centrifuge
tube and 0.28 g of Florisil sorbent were added. The mixture
was hand-shaken for 2 min and centrifuged at 4000 rpm for
20 min. The extract was transferred into a 10-mL centrifuge
tube, evaporated to dryness by a gentle nitrogen stream
(XcelVap Evaporation/Concentration System from Horizon
Technology Inc. (Salem, NH)), dissolved in 0.25 mL of meth-
anol containing 50 μg/L of PrP-13C6 and MFOA and
100 μg/L of BPA-d14, and filtered through a 0.22-μm filter.

LC-MS/MS

Analytical determination was performed on an Agilent 1200
series HPLC (Agilent, USA) coupled to a 6410 triple quadru-
pole (QqQ) mass spectrometer (MS) equipped with an
electrospray ionization source (Agilent, USA) using a previ-
ously developed method [31]. Separation was carried out
using a HALO C18 (50 × 4.6 mm i.d.; 2.7 μm) analytical
column (Teknokroma, Spain) protected by a HALO C18
(5 × 4.6 mm i.d.; 2.7 μm) guard column (Teknokroma, Spain).

Ionization was carried out using the following settings: MS
capillary voltage, 3000 V; drying gas flow rate, 9 L/min; dry-
ing gas temperature, 350 °C; and nebulizer pressure, 40 psi.
Instrument control and data acquisition were carried out with
the MassHunter software (Agilent, USA). Detection was per-
formed in multiple reaction-monitoring mode (MRM). MS/
MS parameters were optimized by injection, without column,
of 10 mg/L individual standard solutions of target compounds
and I.S. using different combinations of aqueous phase (water
(0.1% formic acid), aqueous solution of ammonium acetate,
aqueous solution of sodium formate (0.1% formic acid)) and
organic phase (methanol or acetonitrile (0.1% formic acid)).
Both positive and negative ionization modes were monitored.
Mobile phase (methanol (solvent A) and 10 mM ammonium
acetate aqueous solution (solvent B)) were selected according
the abundance of the measured transitions. Considering these
abundances, two transitions were selected for each compound.
The most intense transition was used for quantification. The
less intense transition and the relation between both transitions
were used for confirmation. Optimized MS/MS parameters
for MRM analys i s a re shown in the Elec t ronic
Supplementary Material (ESM) (Table S1).

Analytes were separated by gradient elution at a flow rate
of 0.6 mL/min. Column temperature was kept at 35 °C. The
elution program was as follows: 0–14 min, linear gradient
from 28 to 70% of solvent A; 14–19 min, linear gradient from
70 to 80% of solvent A; 19–25 min, linear gradient from 80 to
100% of solvent A; 25–27 min, isocratic 100% solvent A and,
finally, back to initial conditions (28% of solvent A) in 2 min.

Quantification was carried out using matrix-matched cali-
bration curves. Calibration curves were constructed, in the
concentration range expected for each compound in the stud-
ied samples, by linear regression of the peak area ratio of the
analyte and its corresponding I.S. against their concentrations.

Method performance

The analytical method was validated by the determination of
the extraction process recovery, matrix effect, precision
(expressed as repeatability in terms of relative standard devi-
ation (RSD)), accuracy, linearity, and method detection
(MDL) and quantification (MQL) limits.
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Extraction process recovery (R) was evaluated by compar-
ison of the peak areas of the target compounds in samples
spiked, before and after extraction, at three concentration
levels in triplicate. Low, medium, and high spiking concentra-
tions were selected according to the concentrations usually
measured in studied samples. Blank samples (non-spiked
samples) were measured for blank correction of spiked sample
signals.

Matrix effect was evaluated by comparison of solvent cal-
ibration and matrix-matched calibration slopes. Solvent cali-
bration curves were obtained by the injection of nine standard
solutions in triplicate at concentration levels in the range of
concentrations expected after sample extraction. Matrix-
matched calibration curves were obtained by injection of
spiked extracts in triplicate. Extracts were spiked at the same
concentration levels used for solvent calibration curves.
Precision of the method was expressed as the RSD of the
concentrations determined in spiked samples at three concen-
tration levels in triplicate. Instrumental detection (IDL) and
quantification (IQL) limits were calculated as the concentra-
tion of analyte corresponding to a signal-to-noise ratio of 3:1
and 10:1, respectively. IDL and IQL were determined by the
injection in triplicate of spiked sample extracts (free of the
target compounds) at low concentration levels. MDL and
MQL were determined from IDL and IQL values applying
the concentration factor of sample treatment and the extraction
process recovery.

Results and discussion

Optimization of sample treatment

Method optimizationwas focused on the key variables of SAE
(type and volume of extraction solvent and number of extrac-
tions) and d-SPE clean-up (type and amount of sorbent). SAE
and d-SPE clean-up were optimized separately by a Box-
Behnken response surface design using the Statgraphic Plus
software version 5.1 (Statpoint Technologies Inc., Warrenton,
VA, USA). All studies were carried out using non-
contaminated samples spiked with target compounds at
125 ng/g dry matter (dm) in triplicate, except in the case of
DEHP and NP. Due to the higher concentrations of DEHP and
NP usually measured in leaves samples, they were spiked at a
higher concentration (500 ng/g dm).

Optimization of SAE

For SAE optimization, three levels were selected for each
variable: extraction solvent (methanol, acetonitrile, and ace-
tone), solvent volume (2, 4, and 6 mL), and number of extrac-
tions (1, 2, and 3). Extraction time and sonication bath tem-
perature were fixed at 10 min and 30 °C, respectively. A total

of 15-run Box-Behnken experimental design was carried out
(Table S2 in the ESM). The design included three replicates at
the center point. A second-order response surface was obtain-
ed. Data were analyzed using ANOVA, which provided deter-
mination coefficients (R2) greater than 0.90 in all cases. Pareto
charts were also obtained (Fig. S1 in the ESM). Statistically
significant effects of the variables were screened using a
Student’s t test (Fig. S2 in the ESM). The vertical reference
blue line represents significant effects on the extraction effi-
ciency (confidence level higher than 95%). According to
Pareto plots, only BPA and NP extractions were not signifi-
cantly influenced by the studied parameters. The most signif-
icant effects for PFC extraction are type of solvent, number of
extractions, and their interactions; for plasticizer extraction,
they are the type and volume of solvent and their interactions,
and for surfactant, brominated flame retardant, and preserva-
tive extraction, the most significant effects are type and vol-
ume of solvent, number of extractions, and their interactions.
Moreover, for all cases, except for NP, positive correlations
were obtained between extraction of analytes and the studied
parameters.

The combination of the optimized experimental values for
each compound was obtained using the desirability function.
Responses for each compound in the experiments of the Box-
Behnken design were first normalized between 0 and 1, and
the global desirability function was defined as the geometric
mean for each response. Figure 1 shows the response surface
plots corresponding to the desirability function when optimiz-
ing the factors affecting the extraction step: (A) type of solvent
vs. solvent volume (number of extractions: 1), (B) solvent vs.
number of extractions (solvent volume: 6 mL), and (C) sol-
vent volume vs. number of extractions (acetone/acetonitrile
mixture: 70:30, v/v). Regarding to the optimization of the ex-
traction solvent (Fig. 1a), and considering 1 for methanol, 2
for acetone and 3 for acetonitrile, the optimal result (2.29,
Table S3 in the ESM) corresponds to a mixture of acetone/
acetonitrile (70:30, v/v) as extraction solvent. Considering the
number of extractions and solvent volume (Fig. 1b, c), the
optimal values were 1.93 and 6 mL, respectively. According
to these results, the optimal extraction efficiencies were
achieved applying two extractions with 6 mL of acetone/
acetonitrile (70:30, v/v) mixture. Therefore, these values were
selected as extraction conditions.

Optimization of d-SPE clean-up

The type and amount of sorbent applied was optimized. Three
sorbents with different retention characteristics were tested:
C18, usually applied to remove non-polar interfering sub-
stances [32]; PSA (primary secondary amine), applied for
the removal of polar acids, polar pigments, and fatty acids
[33]; and Florisil used to remove lipids from biota samples
[34]. For each sorbent, three levels were selected: 0, 400, and
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800 mg (Table S4 in the ESM). Pareto charts were obtained
(Fig. S2 in the ESM) and statistically significant effects were
evaluated using Student’s t test. PSA amount and some of
their interactions were the most important variables for PFC
and plasticizers. These interactions were negative for most of
the studied compounds, except for the plasticizer DEHP, and
especially in the case of PFC. In the case of the preservatives

and surfactants, the most significant variable was C18 amount
(ESM Fig. S2). C18 amount had a negative influence for most
of the target compounds. This fact could indicate a negative
effect in the recovery of these compounds using these sor-
bents, mainly due to their retention onto the sorbent.

Considering the response surface plots corresponding to the
desirability function when optimizing d-SPE sorbent (Fig. 2), in

Fig. 1 Response surface plots,
corresponding to the desirability
function, when optimizing the
following pair of factors affecting
the extraction step: a solvent vs.
solvent volume, b solvent vs.
number of extractions, and c
solvent volume vs. number of
extractions. Samples were spiked
at 250 ng/g. ACN, acetonitrile;
ACE, acetone
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the case of the amount of PSA fixed to 0 g (Fig. 2a: C18
amount vs. Florisil amount), the optimal results were
achieved using 0.28 g of Florisil (Table S5 in the ESM).
When the amount of Florisil was fixed at 0.28 g (Fig. 2b:
C18 amount vs. PSA amount), the optimal results were
achieved for 0 g of C18 and 0 g of PSA. According to
these results, 0.28 g of Florisil were selected for d-SPE
clean-up. These data are consistent with those published

by Sharif et al. [35]. They obtained, without an experi-
mental design, recoveries in order of Florisil < C18
< SAX/PSA. The optimized extraction method allows
the extraction of the target compounds using low volumes
of extraction solvent and do not require the use of chlo-
rinated solvents, which are commonly used for the extrac-
tion and determination of priority and emerging pollutants
from tree leaves [15, 26, 27].

Fig. 2 Response surface plots
corresponding to the desirability
function, when optimizing the
factors affecting the extraction
step: a C18 amount vs. Florisil
amount, b C18 amount vs. PSA
amount, and c Florisil amount vs.
PSA amount
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Method validation

Method validation was carried out by the calculation of ex-
traction process recovery, matrix effect, linearity, accuracy,
precision, and method detection and quantification limits.

Recovery was evaluated at three concentrations levels: 25,
125, and 250 ng/g dm for all the studied compounds, except
for NP and DEHP that were evaluated at 125, 500, and
750 ng/g dm. Recoveries achieved ranged from 53.6 to
106%, in the case of PFC; from 41.0 to 50.9%, in the case
of plasticizers; from 39.5 to 94.6%, for NPE; from 24.9 to
62.7%, for HBCDD; and from 46.9 to 99.5% in the case of
parabens. There was no clear relationship between the obtain-
ed recoveries and the spiked concentration levels. However,
acceptable recoveries were obtained at all of the spiked levels.
These results show the utility of the method over a wide con-
centration range. The highest recoveries were achieved for
PFCs (mean values up to 87%), followed by surfactants (up
to 87%), preservatives (up to 88%), and plasticizers and
HBCDD (up to 47%) (Table 1). These recoveries were com-
parable with those reported by other authors for PFCs [10] and
for brominated flame retardants [15]. Moreover, the obtained
recoveries were similar to those reported for priority pollutants
such as PAH [25, 26], PCBs, or organochloride pesticides [15]
in other tree species used as bioindicators. Precision of the

proposed method, expressed as relative standard deviation,
was lower than 10% for all the studied compounds, except
for DEHP (15%) and HBCDD (13%).

Matrix effect was evaluated by applying Student’s t
test to comparison of solvent calibration (methanol) and
matrix-matched calibration curve slopes. Moreover, the
variances of the calibration curves, estimated as sy/x

2,
were compared using the Fischer F test (Table S6 in
the ESM). Statistical differences were found for calibra-
tion curve slopes of DEHP and NP. According to these
results, matrix-matched calibration curves were used for
all the studied compounds. Linearity, evaluated by the
injection of nine matrix-matched calibration standards at
concentrations between MQL to 750 ng/g dm, resulted
in r2 > 0.996.

Accuracy was evaluated from spiked samples at three con-
centration levels (Table 2). Blank samples (unspiked samples)
were also analyzed and their signals were subtracted to spiked
sample signals. To ensure the quality of obtained results,
unspiked samples with high concentration of studied analytes
(area found in unspiked samples higher than 10% of the area
measured in spiked samples) were rejected. Target compounds
were quantified using matrix-matched calibration curves. As
shown in Table 2, accuracy was between 82 and 117%. MDL
and MQL were in the ranges from 0.01 to 0.09 ng/g dm and

Table 1 Linearity, method detection (MDL) and quantitation (MQL) limits, recovery (R, %), and precision (expressed as relative standard deviation,
RSD (%)) of the proposed method

Compound Linearity Low level Medium level High level MDL(ng/g dm) MQL(ng/g dm)

LDR*(ng/g) R2 R RSD R RSD R RSD

Fluorinated organic compounds

PFBuA 0.30–250 0.999 76.7 3.8 55.7 3.2 61.4 3.5 0.09 0.30

PFPeA 0.11–250 0.999 91.5 6.1 75.8 4.2 74.7 3.4 0.03 0.11

PFHxA 0.12–250 0.999 94.3 4.1 53.6 2.8 64.3 2.8 0.04 0.12

PFHpA 0.09–250 0.999 81.5 6.5 101 6.0 70.3 5.5 0.03 0.09

PFOA 0.17–250 0.999 109 1.6 70.7 0.9 80.3 1.2 0.05 0.17

PFOS 0.09–250 0.999 103 4.8 70.6 3.5 72.5 4.1 0.03 0.09

Plasticizers

BPA 28.9–250 0.996 45.1 1.4 50.4 1.0 41.0 1.6 8.67 28.9

DEHP 8.00–750 0.999 44.3 15 46.1 13 50.9 12 2.43 8.00

Surfactants

NP 27.4–750 0.998 39.5 10 64.5 8.2 64.8 8.6 8.21 27.4

NP1EO 0.12–250 0.998 82.9 1.3 78.1 1.1 75.2 0.7 0.04 0.12

NP2EO 0.02–250 0.999 74.9 2.0 90.1 1.2 94.6 0.7 0.01 0.02

Brominated flame retardant

HBCDD 15.7–250 0.998 24.9 15 46.9 15 62.7 10 4.70 15.7

Preservatives

MeP 0.22–250 0.998 52.4 5.3 67.6 4.1 53.3 4.4 0.07 0.22

EtP 0.25–250 0.997 46.9 5.7 67.0 4.9 54.3 3.6 0.08 0.25

PrP 0.19–250 0.998 79.2 5.3 99.5 4.8 84.1 5.2 0.06 0.19
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from 0.02 to 0.30 ng/g dm, respectively, for all target com-
pounds, except for BPA, DEHP, NP, and HBCDD, whose
MDL and MQL were of 8.67, 2.43, 8.22, and 4.70 ng/g dm
and 28.9, 8.00, 28.3, and 15.9 ng/g dm, respectively (Table 1).
These values allow the determination of target compounds at
the concentrations expected in studied samples according to
the concentrations reported in gaseous fraction [10, 15].

Application to real samples

The proposed method was applied to the determination of the
target compounds in leaves of C. aurantium, C. australis,
P. hispanica, and J. mimosifolia collected from parks and
high-density traffic streets of Seville City (South of Spain).
Results are shown in Table 3. Figure 3 shows a chromatogram
obtained from extract of C. aurantium. The highest concen-
trations were found inC. aurantium and C. australis, in which
all studied compounds, except NP2EO, HBCDD, and EtP,
were detected. The lowest concentrations were found in
J. mimosifolia in which only NP, NP1EO, and DEHP were
detected both in high-density traffic streets and parks.

The differences between leaves from each tree species can be
due to a higher atmospheric exposition of some leaves, such as

leaves fromC. aurantium (an evergreen species) andC. australis
(leaves were collected at their last stage of life), compared to
those from J. mimosifolia and P. hispanica that were collected
in their medium stage of life.

The highest concentrations corresponded toDEHP andNPEs,
followed by parabens and PFC. This distribution was similar to
those found in outdoor urban air [1, 10, 14, 36], and themeasured
concentration were, in the case of PFC, slightly lower than those
reported by other authors in leaves from pine needles [20]. The
results obtained in this work show the applicability of the pro-
posed method to determinate the concentrations of these emerg-
ing pollutants in leaves from different trees. This methodology
could even provide a basis for future research about the use of
tree leaves as bioindicator of the atmospheric contamination by
emerging organic contaminants.

Conclusion

An analytical method has been proposed for the determination
of 15 emerging organic pollutants, including PFC, plasti-
cizers, preservatives, a brominated flame retardant, and sur-
factants, in leaves of urban ornamental trees. Sample treatment

Table 3 Concentrations of target compounds (ng/g dm) measured in C. aurantium, C. australis, P. hispanica, and J. mimosifolia from parks and high-
density streets from Seville City

Compounds C. aurantium C. australis P. hispanica J. mimosifolia

Park High-density street Park High-density street Park High-density street Park High-density street

Fluorinated organic compounds

PFBuA 1.05 1.87 2.20 1.58 1.96 0.89 <MDL <MDL

PFPeA 0.15 1.00 2.19 0.22 0.92 <MDL <MDL <MDL

PFHxA <MQL 0.50 0.78 0.25 <MDL <MDL <MDL <MDL

PFHpA <MDL 0.17 0.19 0.15 <MDL <MDL <MDL <MDL

PFOA 0.19 0.25 0.38 0.22 <MDL <MDL <MDL <MDL

PFOS <MQL 0.25 0.76 0.31 <MDL <MDL 1.06 <MDL

Plasticizers

BPA <MQL <MQL <MQL <MQL 34.2 <MDL <MDL <MDL

DEHP 224 132 556 362 371 <MDL 137 181

Surfactants

NP 141 238 206 325 159 183 99.6 87.1

NP1EO 0.92 <MDL 2.94 3.15 1.02 1.85 1.83 0.95

NP2EO <MDL 2.22 <MDL <MDL <MDL <MDL <MDL <MDL

Brominated flame retardant

HBCDD <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL

Preservatives

MeP 0.30 <MDL 15.1 21.9 19.6 39.3 <MDL <MDL

EtP <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL

PrP 1.15 <MDL 2.35 0.61 <MDL <MDL <MDL <MDL
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was based on SAE and clean-up by d-SPE. Determination was
carried out by LC-MS/MS. Recoveries were higher than 60%
for the most of the target compounds. Precision was lower
than 10% and accuracy, evaluated in the whole linear range,
varied from 82 to 117%. MDL and MQL were in the ranges
0.01–0.09 and 0.02–0.30 ng/g dm for most of the target com-
pounds, except for BPA, NP, and HBCDD whose MDL and
MQL were lower than 8.70 and 29.0 ng/g, respectively. The

proposedmethod has been demonstrated to be a useful tool for
biomonitoring of emerging organic pollutants in outdoor air
using leaves of urban trees. The method constitutes a starting
point to the use of tree leaves as bioindicators of urban air
pollution by emerging contaminants and, despite the establish-
ment of a link between the levels of emerging pollutants mea-
sured in tree leaves and their atmospheric concentrations is not
straightforward, the proposed methods constitute a starting

Fig. 3 Chromatogram of extract
of C. aurantium
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point for the use of tree leaves for the evaluation of the con-
centration of emerging pollutants in atmosphere.

Compliance with ethical standards

Conflict of interest The authors declare that they have no competing
interest.

References

1. Annamalai J, Navasivayam V. Endocrine disrupting chemicals in
the atmosphere: their effects on humans and wildlilfe. Environ Int.
2015;76:78–97.

2. Niu S, Dong L, Zhang L, Zhu C, Hai R, Huang Y. Temporal and
spatial distribution, sources, and potential health risks of ambient
polycyclic aromatic hydrocarbons in the Yangtze River Delta
(YRD) of Eastern China. Chemosphere. 2017;172:72–9.

3. An H, Zhang G, Liu C, Guo H, Yin W, Xia X. Characterization of
PM2.5-bound polycyclic aromatic hydrocarbons and its deposition
in Populus tomentosa leaves in Beijing. Environ Sci Pollut Res.
2017;24:8504–15.

4. Dumanoglu Y, Gaga EO, Gungormus E, Sofuoglu SC, Odabasi M.
Spatial and seasonal variations, sources, air-soil exchange, and car-
cinogenic risk assessment for PAHs and PCBs in air and soil of
Kutahya, Turkey, the province of thermal power plants. Sci Total
Environ. 2017;580:920–35.

5. Pucko M, Stern GA, Burt AE, Jantunen LM, Bidleman TF,
Macdonald RW, et al. Current use pesticide and legacy organochlo-
rine pesticide dynamics at the ocean-sea ice-atmosphere interface in
resolute passage, Canadian Arctic, during winter-summer transi-
tion. Sci Total Environ. 2017;580:1460–9.

6. Anttila P, Brorström-Lundén E, Hansson K, Hakola H, Vestenius
M. Assessment of the spatial and temporal distribution of persistent
organic pollutants (POPs) in the Nordic atmosphere. Atmos
Environ. 2016;140:22–33.

7. Moreau-Guigon E, Alliot F, Gaspéri J, Blanchard M, Teil MJ,
Mandin C, et al. Seasonal fate and gas/particle partitioning of
semi-volatile organic compounds in indoor and outdoor air.
Atmos Environ. 2016;147:423–33.

8. Teil MJ, Moreau-Guigon E, Blanchard M, Alliot F, Gasperi J,
Cladière M, et al. Endocrine disrupting compounds in gaseous
and particulate outdoor air phases according to environmental fac-
tors. Chemosphere. 2016;146:94–104.

9. Kim JY, Lee JY, Kim YP, Lee SB, Jin HC, Bae GN. Seasonal
characteristics of the gaseous and particulate PAHs at a roadside
station in Seoul. Korea Atmos Res. 2012;116:142–50.

10. ZhangH, LiuW,HeX,WangY, ZhangQ. Uptake of Perfluoroalkyl
acids in the leaves of coniferous and deciduous broad-leaved trees.
Environ Toxicol Chem. 2015;34:1499–504.

11. Gaspar FW, Castorina R, Maddalena RL, Nishioka MG, McKone
TE, Bradman A. Phthalate exposure and risk assessment in
California child care facilities. Environ Sci Technol. 2014;48:
7593–601.

12. Drage DS, Newton S, de Wit CA, Harrad S. Concentrations of
legacy and emerging flame retardants in air and soil on a transect
in the UK West Midlands. Chemosphere. 2016;148:195–203.

13. Matsumoto H, Adachi S, Suzuki Y. Bisphenol A in ambient air
particulates responsable for the proliferation of MCF-7 human
breast cancer cells and its concentration changes over 6 months.
Arch Environ Contam Toxicol. 2005;48:459–66.

14. Salgueiro-González N, López de Alda MJ, Muniategui-Lorenzo S,
Prada-Rodríguez D, Barceló D. Determination of 13 estrogenic

endocrine disrupting compounds in atmospheric particulate matter
by pressurised liquid extraction and liquid chromatography-tandem
mass spectrometry. Anal Bioanal Chem. 2015;405:8913–23.

15. Silva JA, Ratola N, Ramos S, Homem V, Santos L, Alves A. An
analytical multi-residue approach for the determination of semi-
volatile organic pollutants in pine needles. Anal Chim Acta.
2015;858:24–31.

16. Al Dine EJ, Mokbel H, Elmoll A, Massemin S, Vuilleumier S,
Toufally J, et al. Concomitant evaluation of atmospheric levels of
polychlorinated biphenyls, organochlorine pesticides, and polycy-
clic aromatic hydrocarbons in Strasbourg (France) using pine nee-
dle passive samplers. Environ Sci Pollut Res. 2015;22:17850–9.

17. Fasani D, Fermo P, Barroso PJ, Santos JL, Aparicio I, Alonso E.
Analytical method for biomonitoring of PAH using leaves of bitter
orange trees (Citrus aurantium): a case study in South Spain. Water
Air Soil Pollut. 2016;227:360.

18. Käffer MI, Lemos AT, Apel MA, Rocha JV, Azevedo SM, Ferrao
Vargas VM. Use of bioindicators to evaluate air quality and
genotoxic compounds in an urban environment in Southern
Brazil. Environ Pollut. 2012;163:24–31.

19. Tarricone K, Wagner G, Klein R. Toward standardization of sample
collection and preservation for the quality of results in biomonitor-
ing with trees—a critical review. Ecol Indic. 2015;57:341–59.

20. Chropeňová M, Karásková P, Kallenborn R, Gregušková EK, Čupr
P. Pine needles for the screening of perfluorinated alkylated sub-
stances (PFASs) along ski tracks. Environ Sci Technol. 2016;50:
9487–96.

21. Yin H, Tan Q, Chen Y, Lv G, Hou X. Polycyclic aromatic hydro-
carbons (PAHs) pol lu t ion recorded in annual r ings
ofgingko(Gingko biloba L.): determination of PAHs by GC/MS
after accelerated solvent extraction. Microchem J. 2011;97:138–43.

22. Rodriguez JH,Wannaz ED, Salazar MJ, PignataML, Fangmeier A,
Franzaring J. Accumulation of polycyclic aromatic hydrocarbons
and heavy metals in the tree foliage of Eucalyptus rostrata, Pinus
radiata and Populus hybridus in the vicinity of a large aluminium
smelter in Argentina. Atmos Environ. 2012;55:35–42.

23. Orecchio S. PAHs associated with the leaves of Quercus ilex L.:
extraction, GC-MS analysis, distribution and sources assessment of
air quality in the Palermo (Italy) area. Atmos Environ. 2007;41:
8669–80.

24. Müller JF, Hawker DW, McLachlan MS, Connell DW. PAHs,
PCDD/Fs, PCBs and HCB in leaves from Brisbane, Australia.
Chemosphere. 2001;43:507–15.

25. Sanz-Landaluze J, Bocanegra-SalazarM, Ortiz-Pérez D, Cámara C.
Miniaturisated method for the analysis of polycyclic aromatic hy-
drocarbons in leaf samples. J Chromatogr A. 2010;1217:3567–74.

26. Ratola N, Lacorte S, Barceló D, Alves A. Microwave-assisted ex-
traction and ultrasonic extraction to determine polycyclic aromatic
hydrocarbons in needles and bark of Pinus pinaster Ait. and Pinus
pinea L. by GC-MS. Talanta. 2009;77:1120–8.

27. Ratola N, Alves A, Santos L, Lacorte S. Pine needles as passive bio-
samplers to determine polybrominated diphenyl ethers.
Chemosphere. 2011;85:247–52.

28. Naidu R, Arias Espana VA, Liu Y, Jit J. Emerging contaminants in
the environment: risk-based analysis for better management.
Chemosphere. 2016;154:350–7.

29. Shan G,Wei M, Zhu L, Liu Z, Zhang Y. Concentration profiles and
spatial distribution of perfluoroalkyl substances in an industrial
center with condensed fluorochemical facilities. Sci Total
Environ. 2014;490:351–9.

30. Alliot F, Moreau-Guigon E, Bourges C, Desportes A, Teil MJ,
Blanchard M, et al. A multi-residue method for characterization
of endocrine disruptors in gaseous and particulate phases of ambi-
ent air. Atmos Environ. 2014;92:1–8.

31. Aparicio I, Martín J, Santos JL, Malvar JL, Alonso E. Stir bar
sorptive extraction and liquid chromatography–tandem mass

Analytical method for the evaluation of the outdoor air contamination by emerging pollutants using tree... 427



spectrometry determination of polar and non-polar emerging and
priority pollutants in environmental waters. J Chromatogr A.
2017;1500:43–52.

32. Mijangos L, Bizkarguenaga E, Prieto A, Fernández LA,
Zuloaga O. Simultaneous determination of a variety of en-
docrine disrupting compounds in carrot, lettuce and amended
soil by means of focused ultrasonic solid-liquid extraction
and dispersive solid-phase extraction as simplified clean-up
strategy. J Chromatogr. 2015;1389:8–18.

33. Herrmann SS, Poulsen ME. Clean-up of cereal extracts for gas
chromatography tandem quadrupole mass spectrometry pesticide

residues analysis using primary secondary amine and C18. J
Chromatogr A. 2015;1423:47–53.

34. Rodríguez-González N, González-Castro MJ, Beceiro-González E,
Muniategui-Lorenzo S. Development of a matrix solid phase dis-
persion methodology for the determination of triazine herbicides in
mussels. Food Chem. 2015;173:391–6.

35. Sharif Z, Che Man YB, Hamid NS, Keat CC. Determination of
organochlorine and pyrethroid pesticides in fruit and vegetables
using SAX/PSA clean-up column. Food Chem. 2007;102:98–103.

36. Salapasidou M, Samara C, Voutsa D. Endocrine disrupting com-
pounds in the atmosphere of the urban area of Thessaloniki, Greece.
Atmos Environ. 2011;45:3720–9.

428 Barroso P.J. et al.


	Analytical method for the evaluation of the outdoor air contamination by emerging pollutants using tree leaves as bioindicators
	Abstract
	Introduction
	Experimental
	Chemicals and reagents
	Sample collection
	Sample treatment
	LC-MS/MS
	Method performance

	Results and discussion
	Optimization of sample treatment
	Optimization of SAE
	Optimization of d-SPE clean-up

	Method validation
	Application to real samples

	Conclusion
	References


