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a b s t r a c t
In this work a matrix solid-phase dispersion extraction method, followed by programmed temperature
vaporization–gas chromatography–tandem mass spectrometry determination is proposed for the analysis of polycyclic aromatic hydrocarbons (PAHs) in moss samples. A devitalized, cultivated Sphagnum
palustre L. moss clone obtained from the “Mossclone” EU-FP7 Project was used for the optimization and
validation of the proposed method. Good trueness (84–116%), precision (intermediate precision lower
than 11%) and sensitivity (quantitation limits lower than 1.7 ng g−1 ) were obtained. The proposed method
was compared with other procedures applied for this complex matrix, achieving a considerable reduction
of sample amount, solvent volume and time consumption. The procedure was successfully tested for the
analysis of PAHs in exposed moss clone samples for the monitoring of air pollution. Finally, the method
was also tested for its suitability in the analysis of PAHs in other moss species as well as a lichen species.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
The International Agency for Research on Cancer (IARC) has
recently branded the exposure to outdoor air pollution and to
particulate matter as carcinogenic to humans (Group 1) [1]. The
European Council Directive 2004/107/EC about ambient air quality
assessment and management requires from their Member States
the periodical availability of information about air quality within
their territories. There are increasing evidences that persistent
organic pollutants adversely affect human health and so their monitoring is required. Monitoring of persistent organic pollutants
levels by reference conventional methods is difﬁcult and expensive,
requires physical installation and energy supply. As a consequence,
less samplers can be installed to cover a territory [2]. Polycyclic
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aromatic hydrocarbons (PAHs) levels can largely change in the
space, and thus the use of sampling tools able to assess spatial
trends of PAH depositions at a local scale is of great interest [3].
In the last decades, mosses have gained in popularity as passive
accumulators of organic compounds because of their usefulness
for large scale monitoring [2,4–7]. The morphological features of
mosses, and their high efﬁciency in the uptake of both particulate
and gaseous forms of organic pollutants make them excellent tools
for the monitoring of PAHs and other airborne pollutants [5,8–11].
Directive 2004/107/EC admits the use of alternative sampling
methods that prove to give results equivalent to the reference
method to assess spatial trends of PAH deposition [3], and recently,
EN 16414-2014 European standard establishes some guidelines for
biomonitoring of ambient air with mosses [12].
Until now mosses have been used as biomonitors of air quality,
but recently several investigators have realized the advantages of
using devitalized mosses, because it allows disposing transplants
in standard conditions [13]. Nowadays, some moss species (for
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example several Sphagnum species) as well as their habitats are
largely protected, and therefore, the use of in vitro cultivation provides a sustainable way to obtain moss for biomonitoring purposes
[14]. In view of all this, the “Mossclone” EU-FP7 Project proposes
the use of a devitalized cultivated moss clone as a tool for air pollution monitoring [15]. The use of a moss clone for the biomonitoring
of contaminants presents some advantages over the use of wild
moss, mainly the reproducibility in the physical characteristics.
The obtained material is homogeneous, standardized and with initial concentrations of PAHs lower than in ﬁeld-grown moss, which
allows its use for the monitoring of unpolluted areas. Moreover,
some studies developed in the Mossclone project showed that the
Sphagnum palustre L. grown in vitro exhibits, in general, morphological features similar to the material collected in the ﬁeld, although a
smaller size. This fact would suggest a higher surface-to-mass ratio
of the moss clone material as a possible beneﬁt for biomonitoring
purposes [14].
Biomonitoring programmes, in general, and the monitoring
proposed in the Mossclone project in particular, involves large
numbers of samples to analyze, and for this reason the development of quick, cheap, rugged and safe procedures of analysis
is essential. After a review of the state of the art in the analysis of PAHs in moss [16] we noticed that the extraction is often
carried out using classical procedures, such as Soxhlet extraction, agitation and sonication that are laborious and not agreed
with the Green Analytical Chemistry principles, or more modern
techniques, such as accelerated solvent extraction and microwave
assisted extraction, that are more expensive and also timeconsuming.
Among the analytical techniques for solid samples, the matrix
solid-phase dispersion (MSPD), developed by Barker et al. in 1989
[17], ﬁts with most of the requirements mentioned before. This process combines principles of several techniques, performing sample
disruption while dispersing the components of the sample on and
into a solid support. MSPD involves mixing or blending (depending
on the sample state) a sample with an appropriate sorbent until a
homogeneous mixture is obtained [18]. MSPD is simple, fast, uses
small sample sizes and small solvent volumes and does not require
complex specialized equipment. The main drawback is that MSPD
is fairly laborious regarding sample/dispersant mixing and column
packing.
As far as we know, this is the ﬁrst paper about a determination
of PAHs in moss samples using matrix solid phase dispersion as
extraction procedure. Few papers were found in the literature about
MSPD of PAHs in other matrices like mussels [19–21], soils [22],
sewage sludge [23,24], honey [25], asphalt binder [26], household
dust [27], cereals [28], micro-algae [29], ﬁsh and seafood [30,31].
Nevertheless, some of the cited papers [25,28,31] should be considered papers on sonication extraction, using sonication to assist
the MSPD. The most common dispersant used in the analysis of
PAHs by MSPD is octadecylsilyl silica (C18 ) [19,29–31]. Others dispersants used are alumina [24], diatomaceous earth [32], silica [28],
or Florisil [22,26].
MSPD can be coupled easily with a solid phase extraction (SPE)
clean-up procedure, by packing a SPE sorbent in the bottom part of
the MSPD columns. By this way the extraction and clean-up steps
are performed simultaneously, with signiﬁcant reduction in solvent
consumption and without requiring special expensive instrumentation [33]. Sorbents used for the clean-up depend on the matrix.
When moss samples are analyzed, Florisil is the most popular sorbent [11,34–39].
In this work we propose a MSPD procedure for the analysis of 19
PAHs from mosses. Both, optimization and validation of the method
were performed using a clone of S. palustre L., and subsequently
the method was applied to analyze exposed moss clone samples.
Finally, the method was successfully tested for the analysis of PAHs

in different moss (Sphagnum sp. and Hypnum cupressiforme) and
lichen (Pseudevernia furfuracea) species.
2. Standards and reagents
PAH-Mix 45 (10 g mL−1 in cyclohexane containing acenaphthene, acenaphthylene, anthracene, benz[a]anthracene, benzo[b]ﬂuoranthene, benzo[k]ﬂuoranthene, benzo[g,h,i]perylene, benzo[a]pyrene, benzo[e]pyrene, chrysene, dibenz[a,h] anthracene,
ﬂuoranthene,
ﬂuorene,
indeno[1,2,3-c,d]pyrene,
naphthalene, perylene, phenanthrene and pyrene was supplied by
Dr. Ehrenstorfer GmbH (Augsburg, Germany). Individual standards of benzo[j]ﬂuorathene (10 g mL−1 in cyclohexane), retene
(10 g mL−1 in cyclohexane) were also supplied by Dr. Ehrenstorfer
GmbH.
As surrogate standards were used: D-labelled PAH surrogate Cocktail 200 g mL−1 in 50% methylene chloride (D2 , 99.9%)
and 50% methanol (D2 , 99%) containing [2 H8 ] acenaphthylene
(acenaphthylene-d8 ), [2 H12 ] benzo[a]pyrene (benzo[a]pyrened12 ), [2 H12 ] benzo[g,h,i]perylene (benzo[g,h,i]perylene-d12 ), [2 H10 ]
ﬂuoranthene (ﬂuoranthene-d10 ), [2 H8 ] naphthalene (naphthalened8 ), [2 H10 ] phenanthrene (phenanthrene-d10 ), and [2 H10 ] pyrene
(pyrene-d10 ) and supplied by Cambridge Isotope Laboratories, Inc.
(Andover, MA, USA) and individual standard of [2 H12 ] chrysene
(chrysene-d12 , 10 g mL−1 in cyclohexane) supplied by Dr. Ehrenstorfer GmbH.
internal
standards
[2 H14 ]
dibenz[a,h]anthacene
The
(dibenz[a,h]anthacene-d14 , 10 g mL−1 in cyclohexane) and
[2 H10 ] anthracene (anthracene-d10 , 100 g mL−1 in cyclohexane)
were supplied by Dr. Ehrenstorfer GmbH.
The working standards were prepared as follows: 0.5 g mL−1 of
PAHs in hexane, 0.2 g mL−1 of surrogate labelled standards (surrogate cocktail + chrysene-d12 ) in hexane, 0.5 g mL−1 of internal
standards (anthracene-d10 and dibenz[a,h]anthacene-d14 ) in hexane.
Dichloromethane (DCM) Super Purity grade was supplied by
Romil (Cambridge, UK), hexane (H) Unisolv® , for organic trace analysis, was purchased from Merck (Darmstadt, Germany).
Sorbents used for the dispersion were: diatomaceous earth
acid washed not further calcined and silica neutral (Sigma–Aldrich
Chemie Gmbh, Germany), octadecyl functionalized silica
Supelclean-Envi 18 (Supelco, Bellefonte, USA), and Sea sand
pro analysi (Merck). All the sorbents were washed with a H and
DCM:H (20:80) mixture before use. Silica was activated at 135 ◦ C,
12 h, and then partially deactivated with milli-Q water.
Clean-up was performed using Envi-Florisil SPE glass tube (1 g)
supplied by Supelco.
3. Experimental
3.1. Sampling
S. palustre L. clone samples were obtained as previously
described [14] within the frame of the Mossclone EU-FP7 Project.
The moss clone sample obtained in the bioreactor was washed with
10 mM ethylendiaminetetracetic acid (EDTA) (using 1 L for each
12.5 g d.w. of moss) and 3 times with pure water (1 L for each 10 g
d.w.). The devitalization was performed by treatment in an oven as
follows: 8 h at 50 ◦ C, 8 h at 80 ◦ C and 8 h at 100 ◦ C.
Devitalized moss samples were exposed for 6 weeks in ﬁve different locations: an urban site, in a city (ca. 250,000 inhabitants) in
a point affected by road trafﬁc and close to the marine coast; a suburban site in an open green area, at 5 km away from the previously
mentioned city and also close to the sea (ca. 500 m); an industrial
site at 1 km away from a metallurgical industry in an industrial area,
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retention time of PAHs studied are shown in Table 1. The compounds in the table are separated by groups, with the labelled
surrogates used for the quantitation of each group in italics.
3.4. Quantiﬁcation and quality control
Chromatographic control was performed by the injection of two
standard solutions containing all target PAHs, and an instrumental blank for each batch. Procedural blanks were systematically
evaluated carrying out the whole procedure without sample
matrix (surrogates were spiked on the C18 ). These procedural
blanks were maintained at minimum. Dibenz[a,h]anthracened14 (to correct dibenz[a,h]anthracene, indeno[1,2,3-cd]pyrene,
benzo[ghi]perylene-d12 and benzo[ghi]perylene) and anthracened10 (for the other PAHs) were used as internal standards. Quality
control of the complete procedure and quantiﬁcation were performed using labelled PAHs as surrogates.
4. Results and discussion
4.1. Selection of the initial conditions
Some of the conditions used to perform the experiments were
selected according to our experience in previous works, or according to the literature. Thus, the dispersion time was set to 3 min,
because this time is adequate to achieve a homogeneous dispersion
[32].
For the clean-up, Florisil (1 g) was selected, because it is the
most popular sorbent in the literature, and together with silica has
provided good results in a previous work [16].
Fig. 1. Scheme of the selected analysis procedure.

4.2. Selection of the dispersing agent

A summary of the optimized procedure is described in Fig. 1.
0.25 g of moss sample (with 50 L of working solution of surrogates) was blended with 0.5 g of C18 in an agate mortar, during
3 min. Then the homogeneous dispersion was deposited in the top
of a Florisil SPE tube (1 g) with 0.5 g of anhydrous sodium sulphate,
all previously washed with 4 mL H and 4 mL DCM:H (20:80).
The PAHs were eluted with 10 mL of H and 10 mL of DCM:H
(20:80) mixture using a Visiprep vacuum distribution manifold
from Supelco. The eluate was concentrated to approximately
0.3 mL in a Syncore® Analyst evaporator from Büchi Labortechnik AG (Flawil, Switzerland), using the conditions described in a
previous work [16] with pressure programme 640 mbar (1 min)
to 540 mbar (in 1 min), hold 10 min, 540 mbar to 210 mbar in
1 min, hold 210 mbar 25 min. Finally 20 L of internal standard
was added. All was transferred to a vial and analyzed by programmed temperature vaporization–gas chromatography–tandem
mass spectrometry (PTV–GC–MS/MS) for PAH determination.

For the optimization, an unexposed moss clone sample was
used. The sample was spiked with 50 L of 0.2 g mL−1 surrogate
standards and 20 L of 0.5 g mL−1 PAHs standard, and then it was
blended with the pestle until all the standards were absorbed and
the sample appears homogenous.
Preliminary assays were performed in order to test different dispersants. It is important that the mixture of the dispersing agent
and the sample become homogeneous. In that sense, Sea sand was
tested and discarded because a non homogeneous mixture was
obtained when added to the moss. Moreover, diatomaceous earth
was also rejected because a compact mixture was obtained making
the contact between sample and eluent solvent difﬁcult.
Experiments were carried out using neutral silica (1 g) with different degrees of deactivation (5%, 10% and 20%) or C18 (0.5 g) as
dispersants. In all the experiment Florisil was used for the clean-up
step. Once the moss sample (0.25 g) was dispersed with the silica or the C18 during 3 min, the dispersion was located in the top
of the previously washed SPE clean-up cartridge. The elution of the
PAHs was performed using 5 mL of H and 10 mL of a DCM:H (20:80)
mixture (Fig. 1).
The eluates obtained for the three assays using silica partially
deactivated were coloured, and the colour increase in intensity with
decreasing the deactivation degree of silica. The assay performed
with the Supelclean-Envi 18 gave a colourless eluate, which supposes less co-extracting matrix compounds. Regarding the recovery
results, very small differences were observed between the experiments (Fig. 2A). For these reasons Supelclean-Envi 18 was selected
as dispersant.

3.3. Gas chromatography–tandem mass spectrometry

4.3. Study of sample–dispersant proportion

The PTV–GC–MS/MS conditions used were the same as
described in a previous work [16]. The parent and product ions and

The relation between the amount of sample and the amount of
dispersing agent was also assayed. 0.5 g, 1 g and 1.5 g (relations 1:2,

close to a thermal-power station; an agricultural site, in an area
with meadows, crop and pasture ﬁelds; and a background site in
a remote area selected as background atmospheric contamination
point by the EMEP–VAG–CAMP Spanish Network for atmospheric
pollution control.
After the exposure, the samples were collected, oven-dried (24 h
at 40 ◦ C) and then ground in an ultracentrifuge mill (RetschZM200).
3.2. Extraction and clean-up
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Table 1
Analytical parameters: detection limits (LOD), quantitation limits (LOQ), trueness (n = 7), repeatability, intermediate precision (IP) and uncertainty.
Retention time
(min)

Parent ion

Product
ion

LOD
(ng g−1 )

LOQ
(ng g−1 )

Trueness
(%)

Naph

25.79
25.94

136
128

108
102

0.72

1.42

101

4.3

8

Acy
Ace
Fluo

35.60
35.63
36.73
40.14

161
152
153
166

157
125
150
163

0.57
0.52
0.10

1.26
1.11
0.20

98
81
92

9.8
5.7
7.8

10
8.0
18

188
178
188
178

160
152
160
152

0.95

1.72

102

4.4

8

Abbreviation
Naphthalene d8
Naphthalene
Acenaphthylene d8
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene d10
Phenanthrene
IS anthracene d10
Anthracene

IP (%)
(n = 6)

Uncertainty
(%)

Ant

46.16
46.32
46.56
46.69

0.90

1.22

106

3.7

16

Fluoranthene d10
Fluoranthene

Fla

53.61
53.74

212
202

208
198

0.49

1.00

94

3.7

15

Pyrene d10
Pyrene
Retene

Pyr
Ret

55.02
55.14
56.37

212
202
219

208
198
204

0.54
0.18

1.16
0.38

89
104

4.0
4.2

20
8

62.67
62.74
62.93

228
240
228

224
236
224

1.10

0.21

112

3.4

17

0.10

0.21

100

4.4

8

69.08
69.18
70.58
70.74
70.9

252
252
252
264
252

248
248
248
260
248

0.25
0.27
0.23

0.37
0.41
0.30

83
91
77

5.6
4.8
6.3

22
17
29

0.36

0.54

86

6.7

21

76.90
77.12
77.24
78.82
79.05

288
278
276
288
276

274
274
272
284
272

0.42
0.12

0.96
0.09

116
95

4.8
11

22
22

0.36

0.75

84

3.6

22

Phe

Benz[a]anthracene
Chrysene d12
Chrysene

BaA

Benzo[b + j]ﬂuoranthene
Benzo[k]ﬂuoranthene
Benzo[e]pyrene
Benzo[a]pyrene d12
Benzo[a]pyrene

B(b + j)F
B(k)F
B(e)P

IS dibenz[a,h]anthracene d14
Dibenz[a,h]anthracene
Indeno[1,2,3-cd]pyrene
Benzo[ghi]perylene d12
Benzo[ghi]perylene

Chry

B(a)P
D(ah)A
IP
B(ghi)Per

1:4 and 1:6, respectively) of Supleclean-Envi 18 were assayed for
the 0.25 g of moss.
These assays showed small differences between the three relations tested (Fig. 2B). The proportion 1:2 was selected because it
provides good results minimizing the sorbent and solvent consumption. These results were obtained using the solvent ﬁnal
conditions selected in Section 4.4.
4.4. Study of eluents
The elution of the analytes from the cartridge was carried out in
two fractions collected together (3 mL of H and a 10 mL of DCM:H
(20:80) mixture). This elution was selected based on the results of
previous studies [16]. Using only 3 mL of H and 10 mL of DCM:H
mixture, a low extraction efﬁciency was obtained for the elution of
the more apolar PAHs, and for this reason some assays were performed maintaining the volume of the DCM:H mixture and using
higher volume of hexane. As can be seen in Fig. 2C, the recovery
of dibenz[a,h]anthracene and the 6-rings PAHs increases as the
volume of hexane increases. For this reason 10 mL of hexane followed by 10 mL of DCM:H (20:80) was selected for the elution
step.
5. Analytical performance characteristics
The scheme in Fig. 1 summarizes the proposed analysis procedure.
Table 2 shows a comparison among the proposed
MSPD–PTV–GC–MS/MS method and other procedures described in
literature for the determination of PAHs in moss. The simultaneous
extraction and clean-up steps in MSPD allows a signiﬁcant reduction in solvent and time consumption in comparison with other
procedures used for the analysis of PAHs in moss samples. Only

20 mL of solvent per sample are necessary in the whole process
(extraction and clean-up), also due to the low amount of moss
needed for the analysis. Additionally, the proposed method does
not require expensive instrumentation to perform the extraction
and clean-up of the sample. Also, the MSPD procedure used in this
work is fast, the extraction time is lower than in other procedures,
and also the concentration step is briefer due to the lower solvent
volume. The total time for the preparation of 6 samples by this
procedure is about 4 h.
The analytical performance characteristics of the proposed
method were evaluated analysing spiked S. palustre L. clone samples since there are no certiﬁcated reference materials available for
PAHs in moss, or similar matrices.
Detection limits (LOD) and quantitation limits (LOQ) were calculated as Xb + 3Sl and Xb + 10Sl respectively, where Xb is the average
value of blank sample containing no PAHs, and Sl the standard
deviation of a low concentration moss sample [40]. The sensitivity
achieved (experimentally veriﬁed) in this work is better or comparable to other methods in the literature, with LOD values ranged
between 0.10 and 1.10 ng g−1 and LOQ values lower than 2 ng g−1
for all the PAHs, analysing only 0.25 g of sample (Table 1). The
great sensitivity achieved with the proposed procedure using a
very small amount of moss is very useful because sometimes it
is difﬁcult to obtain enough quantity of moss sample to perform
the analysis by other procedures (in general about 5 g of sample
are necessary for Soxhlet or sonication extraction). Thus, using this
method, a higher number of sample replicates can be performed
in order to minimize the variability intrinsic to biological matrices.
Regarding the trueness, this was determined using the analytical recoveries of spiked samples at 0.15 g g−1 level. Trueness
was calculated (n = 7) quantifying using the labelled surrogates. The
optimized analytical procedure showed good recoveries (77–116%)
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Fig. 2. (A) Study of the dispersing agent: silica deactivated a 5%, 10%, and 20%, and octadecylsilica (C18 ); (B) study of the relation sample: dispersant amount; (C) study of the
elution solvent volume (n = 3).

for all the native PAHs (Table 1). The recoveries obtained for the
labelled standards used as surrogates were ranged between 62 and
94%.
Linearity of the method was determined by the analysis of
an unexposed moss clone sample spiked with target PAHs at 8

concentration levels, between 0.005 g g−1 and 1.5 g g−1 , to
obtain the standard addition graphs. A good linearity, with correlation coefﬁcients higher than 0.998, was obtained for almost all
PAHs between LOQ and 1.5 g g−1 , and between LOQ and 1 g g−1
for pyrene and ﬂuorene.

24
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Table 2
Comparison of the proposed matrix solid phase dispersion (MSPD) extraction method, with other methods used for PAHs analysis in moss: Soxhlet, sonication, accelerated
solvent extraction (ASE), dynamic sonication-assisted solvent extraction (DSASE) and microwave assisted extraction (MAE).

Sample amount
Solvent consumption
Extraction time
Clean-up
Cost
Sensitivity
Precision (RSD)
Reference
a

MSPD

Soxhlet

Sonication

ASE

DSASE

MAE

0.25 g
20 mL
3 min
On-line
Low
LOQ: 0.09–1.72 ng g−1
3.4–11%
This work

5g
200–300 mL
8–24 h
Off-line
Low
LOQ: 0.3–1 ng g−1
10–25%
[34,37,39,42–46]

3–5 g
150–300 mL
10–30 min
Off-line
Low
LOD: 1–3 ng mL−1
10–15%
[4,47,48]

1–5 g
20–200 mL
10–30 min
On-line/off-line
High
MQL: 3.3–7.8 ng g−1
1–22%
[5,38,49,50]

0.2 g
4 mL
10 min
Off-line
High
7−350 ng g−1 a
1.8–17%
[51]

0.5 g
40 mL
16 min
Off-line
Medium
LOQ: 0.1–1.7 ng g−1
2.7–12%
[16]

Instrumental detection limits.

Fig. 3. PAH proﬁle and concentration obtained for the exposed moss clone samples.

The precision of the method was evaluated by determining
the repeatability and the intermediate precision. The repeatability was calculated as within-day RSD of concentrations, using four
replicates of spiked moss samples (0.15 g g−1 ) analyzed with the
proposed method during the same day and the same analyst and
equipment. The repeatability obtained expressed as RSD was satisfactory for all the PAHs, with values lower than 8%. The intermediate
precision (IP) of the method was calculated as between-day RSD of
concentrations over the course of 4 weeks (6 replicates). A good
intermediate precision, with %RSD lower than 11% in all cases was
obtained (Table 1).
The uncertainty (U) of the analytical method was also estimated on the basis of in-house validation data according to the
EURACHEM/CITAC guide for all compounds at 0.15 g g−1 level.
The main sources of uncertainty were identiﬁed
and quantiﬁed and
combined uncertainty was calculated as U = k u21 + u22 + | − x̄|,
(coverage factor k = 2, for a 95% of conﬁdence) where the
uncertainties
associated with the spiked sample (u1 = Csample ∗

2

2

2

2

(Sstandard /Cstandard ) + (Spipette /Vpipette ) + (Sflask /Vflask ) + (Sbalance /mstandard ) ),

√
precision (u2 = Sprec / N) and trueness | − x̄| were taken into

account. The relative expanded uncertainty calculated for the
whole method at 0.15 g g−1 level was lower than 30% in all cases
(Table 1).
6. Analysis of samples
The proposed method was tested analysing 5 moss clone
exposed samples from agricultural, urban, sub-urban, background
and industrial locations in order to verify the suitability of the
extraction procedure for the different levels of contamination. The
sum of the 20 PAHs analyzed (expressed as g g−1 d.w.) was 0.84
for the Industrial sample, 0.76 for the urban sample, 0.53 for the
sub-urban, 0.15 for the background sample, and 0.09 for the agricultural sample. As can be seen in Fig. 3, both, the light PAHs associated
to gas phase and the heavy PAHs associated to the particle phase
were extracted from samples, which demonstrates the suitability of the proposed procedure for the analysis of both fractions.
Similar PAH proﬁles and levels were obtained for the industrial
and urban samples, whereas lower levels with very low concentrations of the heavier PAHs were obtained for the background and

Table 3
Diagnostic ratios calculated for exposed moss clone samples.

Fla/Fla + Pyr
Ant/Ant + Phe
BaA/BaA + Chry
BaP/BaP + BeP
IP/IP + BghiPer
Ret/Ret + Chry
BaP/BghiP

Agricultural

Urban

Sub-urban

Background

Industrial

0.57
0.12
0.22
0.11
0.56
1.00
0.32

0.56
0.08
0.18
0.21
0.52
1.07
0.60

0.48
0.27
0.26
0.28
0.53
1.05
0.73

0.50
0.17
0.25
0.19
0.52
1.01
0.88

0.56
0.11
0.32
0.37
0.55
1.09
0.77
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Table 4
Analysis of two natural moss species (Sphagnum sp. and Hypnum cupresiforme) and one lichen species (Pseudevernia furfuracea). Concentration of native PAHs (ng g−1 ) and
deuterated surrogate recoveries (%R).
Sphagnum sp.
ng g−1
Naphthalene d8
Naphthalene
Acenaphthylene d8
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene d10
Phenanthrene
Anthracene
Fluoranthene d10
Fluoranthene
Pyrene d10
Pyrene
Retene
Benz[a]anthracene
Chrysene d12
Chrysene
Benzo[b + j]ﬂuoranthene
Benzo[k]ﬂuoranthene
Benzo[e]pyrene
Benzo[a]pyrene d12
Benzo[a]pyrene
Dibenz[a,h)anthracene
Indeno[1,2,3-cd]pyrene
Benzo[ghi]perylene d12
Benzo[ghi]perylene

Hypnum cupresiforme
%R

Pseudevernia furfuracea

ng g−1

%R

43%
39

41%
58

92%
22.8
4.2
98%
7.9

90%

101%

90%

103%

90%

90%

89%

agricultural samples. The PTV–GC–MS/MS chromatogram obtained
for the industrial sample is included in the supplementary material.
Some PAH diagnostic ratios [41] were determined (Table 3) in
order to investigate if these results agree with the expected PAH
sources for each kind of sample. The relations Ant/Ant + Phe (>0.1)
and BaA/BaA + Chry (0.2–0.35) show pyrogenic processes, speciﬁcally from coal combustion for all samples except the urban one
(petrogenic process). In all cases the relation Ret/Ret + Chy (close
to 1) indicates wood burning processes. The relation BaP/BaP + BeP
(<0.5 in all samples) should indicate photodegradation processes
(old emission). A grass, wood and coal combustion source is indicated for the relations Fla/Fla + Pyr (>0.5) and IP/IP + BghiPer (>0.5).
The method was also tested for the analysis of PAHs in natural
moss of the same genus (Sphagnum sp.), another moss species (H.
cupressiforme) and in a lichen (P. furfuracea) applying the same procedure. As can be seen in Table 4, good recoveries of the labelled
surrogates were obtained in all cases, and therefore the proposed
method can also be applied for the analysis of PAHs in several
mosses and lichen species.

7. Conclusions
A novel procedure for the analysis of PAHs in moss samples was
developed, tested and validated. The MSPD extraction, followed
by the PTV–GC–MS/MS determination, presents many advantages
in comparison with the existing procedures. The great sensitivity of the method allows the considerable reduction of sample
amount and solvent consumption. The simultaneous extraction
and clean-up allow the elimination of one of the concentration
steps typically needed in other procedures, reducing also the total
analysis time. For all these reasons the proposed method can be
considered “greener” than the existing ones for the analysis of a
complex matrix like moss samples.
The analytical performance characteristics of the proposed
method are good, improving the results obtained by other procedures (Table 2). The method was proven to be suitable for the

100%
2.7
2.1
2.0
1.3

1.6
1.8
3.1

3.7

102%
30
13
1.3

5.8
3.1
5.4
2.7

2.9
2.2
4.1

96%
5.7

3.7
12.2
0.6

<0.21
4.0
4.3
3.3

83%
36
9.2

87%

0.1
4.5
0.9

76%
<1.26
1.4
<0.20

78%

<1.0

41%

92%
<1.26
3.9
7.3

4.0
1.7

%R

50

73%
<1.26
0.6
<0.20

ng g−1

86%
1.8
1.3
2.7

75%
3.3

74%
2.1

analysis of moss samples and can be very helpful for the fast analysis
of hundreds of samples in air quality biomonitoring programmes.
Acknowledgements
Financial support is acknowledged to the Program of Consolidation and Structuring of Units of Competitive Investigation of
the University System of Galicia (Xunta de Galicia) potentially
co-ﬁnanced by ERDF in the frame of the operative Program of Galicia 2007–2013 (reference: GRC2013-047) and “Mossclone” EU-FP7
Project (ENV. 2011-Eco-innovation).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.chroma.2015.06.
014
References
[1] D. Loomis, Y. Grosse, B. Lauby-Secretan, F. El-Ghissassi, V. Bouvard, L.
Benbrahim-Tallaa, N. Guha, R. Baan, H. Mattock, K. Straif, The carcinogenicity
of outdoor air pollution, Lancet 14 (2013) 1262–1263.
[2] Q. Wu, X. Wang, Q. Zhou, Biomonitoring persistent organic pollutants in the
atmosphere with mosses: performance and application, Environ. Int. 66 (2014)
28–37.
[3] S. Augusto, M.J. Pereira, C. Máguas, C. Branquinho, A step towards the use
of biomonitors as estimators of atmospheric PAHs for regulatory purposes,
Chemosphere 92 (2013) 626–632.
[4] F. De Nicola, V. Spagnuolo, D. Baldantoni, L. Sessa, A. Alfani, R. Bargagli, F.
Monaci, S. Terracciano, S. Giordano, Improved biomonitoring of airborne contaminants by combined use of oak leaves and epiphytic moss, Chemosphere 92
(2013) 1224–1230.
[5] L. Foan, M. Domercq, R. Bermejo, J.M. Santamaría, V. Simon, Mosses as an integrating tool for monitoring PAH atmospheric deposition: comparison with total
deposition and evaluation of bioconcentration factors. A year-long case-study,
Chemosphere 119 (2015) 452–458.
[6] R. Gerdol, R. Marchesini, P. Iacumin, L. Brancaleoni, Monitoring temporal trends
of air pollution in an urban area using mosses and lichens as biomonitors,
Chemosphere 108 (2014) 388–395.
[7] H. Harmens, L. Foan, V. Simon, G. Mills, Terrestrial mosses as biomonitors of
atmospheric POPs pollution: a review, Environ. Pollut. 173 (2013) 245–254.

26

E. Concha-Graña et al. / J. Chromatogr. A 1406 (2015) 19–26

[8] N. Skert, J. Falomo, L. Giorgini, A. Acquavita, L. Capriglia, R. Grahonja, N. Miani,
Biological and artiﬁcial matrixes as PAH accumulators: an experimental comparative study, Water Air Soil Pollut. 206 (2010) 95–103.
[9] A. Ares, J.R. Aboal, J.A. Fernández, C. Real, A. Carballeira, Use of the terrestrial
moss Pseudoscleropodium purum to detect sources of small scale contamination
by PAHs, Atmos. Environ. 43 (2009) 5501–5509.
[10] R. Herrmann, D. Hubner, Concentrations of micropollutants (PAH, chlorinated
hydrocarbons and trace-metals) in the moss Hypnum-cupressiforme in and
around a small industrial-town in Southern Finland, Ann. Bot. Fenn. 21 (1984)
337–342.
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