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Abstract A simple and fast method for analysis of hydroxyl-
ated polycyclic aromatic hydrocarbons using pressurized liq-
uid extraction and high performance liquid chromatography
utilizing photoionization tandem mass spectrometry was de-
veloped. Simultaneous separation and determination of nine
hydroxylated polycyclic aromatic hydrocarbons and two hy-
droxy biphenyls could be performed in negative mode with a
run time of 12 min, including equilibration in 5 min. The
calibration curves were in two concentration ranges; 1–
50 ng/mL and 0.01–50μg/mL, with coefficients of correlation
R2>0.997. The limits of detection and method quantification
limits were in the range of 9–56 pg and 5–38 ng/g, respective-
ly. A two-level full factorial experimental design was used for
screening of conditions with the highest impact on the extrac-
tion. The extraction procedure was automated and suitable for
a large number of samples. The extraction recoveries ranged
from 70 to 102 % and the matrix effects were between 92 and
104%. The overall method was demonstrated on wood smoke
particles and soil samples with good analytical performance,
and five OH-PAHs were determined in the concentration
range of 0.19–210 μg/g. As far as we know, hydroxylated
polycyclic aromatic hydrocarbons were determined in wood
smoke and soil samples using photoionization mass

spectrometry for the first time in this present study.
Accordingly, this study shows that high performance liquid
chromatography photoionization tandem mass spectrometry
can be a good option for the determination of hydroxylated
polycyclic aromatic hydrocarbons in complex environmental
samples.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are environmental
contaminants with carcinogenic properties [1–4] and
are mainly formed from anthropogenic sources in in-
complete combustion processes [5, 6]. Hydroxylated PAHs
(OH-PAHs) are formed by microbiological and/or photo-
chemical degradation of PAHs in the urban environment,
and in the body as metabolites of PAHs [7, 8]. Unlike PAHs
and the oxy- and nitro-substituted PAHs, OH-PAHs have not
been studied as extensively. It has, however, been shown that
OH-PAHs are potentially more toxic and carcinogenic than
the native PAHs [9–12]. Apart from mutagenicity, OH-PAHs
are also endocrine disruptors. Among many others, 1-
hydroxy pyrene (1-HP), 2- and 3-hydroxy phenanthrene
(2-HPh, 3-HPh), and 2-hydroxy chrysene have been shown
to have estrogenic activity [13–15], whereas e.g., 3-hydroxy
benzo[a]pyrene (3-HBaP) has been shown to have strong anti-
estrogenic activity [14, 15]. A large part of the research done
on OH-PAHs has focused on them as metabolites of PAHs in
biological samples [16, 17].

There have been difficulties to detect OH-PAHs attribut-
able to matrix effects and complicated sample pretreatments.
Both high performance liquid chromatography (HPLC) and
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gas chromatography mass spectrometry (GC-MS) have been
used [18–21]. Sample preparation for GC analysis is, howev-
er, time-consuming because of a necessary derivatization step
since OH-PAHs are polar, thermally unstable com-
pounds with a tendency to form hydrogen bonds.
Solid-phase microextraction (SPME) with chemical de-
rivatization has been used for analysis of PAH metabo-
lites in human urine [22–24], but the method is not
suitable when analyzing a large number of samples. A
couple of LC-MS methods have been reported for de-
termination of OH-PAHs using atmospheric pressure
chemical ionization (APCI) or electrospray ionization
(ESI) [25–30]. Another ionization technique, atmospher-
ic pressure photoionization (APPI) is available for ioni-
zation of nonpolar and semipolar molecules and has
been shown to be more suitable for analysis of OH-PAHs than
ESI [31]. In a study, APPI was shown to be more sensitive
towards all test compounds (carbamazepine, acridine,
naphthalene, diphenyl sulphide, and 5-fluorouracil) compared
with APCI [32]. APPI is also more tolerant of matrix compo-
nents that can interfere with the mechanisms in ESI and APCI
[33] and has successfully been used for determination of
PAHs and nitro-substituted PAHs in complex environmental
matrices [34].

As stated above, most of the currently available methods
for determination of OH-PAHs are based on GC-MS, requir-
ing a derivatization step or HPLC-MS often based on ESI
suffering from severe matrix effects when analyzing complex
matrices. However, HPLC-MS is better suited for analysis of
polar compounds because of easy sample pretreatments, short
run times, and softer ionization. Since there have been few
studies in the literature on the application of APPI to environ-
mental analysis, although it has been shown to be more toler-
ant to matrix effects, the aim of the present study has been to
develop a simple, fast, and sensitive analytical method for
simultaneous determination of nine OH-PAHs and two hy-
droxy biphenyls in different environmental samples, using
pressurized liquid extraction (PLE) and HPLC-APPI-MS/
MS. In order to enable fast and sensitive detection of trace
amounts of OH-PAHs in complex matrices, the different steps
of the analytical procedure such as the extraction, clean-up,
separation, and ionization have been evaluated. The suitability
of the developed method has then been illustrated by applica-
tion to wood smoke particles and soil samples. In contrast to
PAHs, only few studies are available determining OH-PAHs
in urban soils [35] and wood smoke particles [36], while it has
been shown that the ambient aerosols contain significant
amounts of OH-PAHs [37]. The analytes have been chosen
based on their toxicity and occurrence in the matrices ana-
lyzed, but also because some of the selected analytes are
formed by hydroxylation of frequently recorded PAHs in
PAH-contaminated environments, e.g., naphthalene, phenan-
threne, chrysene, and pyrene.

Materials and methods

Chemicals and solvents

2-Hydroxy biphenyl (2-HBP; 98 %) was purchased from Fine
Chemicals AB (Uppsala, Sweden) and 4-hydroxy biphenyl
(4-HBP; 98 %) from Merck-Schuchardt (Hohenbrunn,
Germany). 2-Hydroxy-9-fluorenone (2-H-9-F; 98)% was
from Sigma-Aldrich (Milwaukee, WI, USA), 1-HP (98 %)
from Sigma-Aldrich (Steinheim, Germany), 1,8-dihydroxy
anthraquinone (1,8-DHAQ; 96 %) from Sigma-Aldrich
(Shanghai, China), 1-naphthol (1-N; ≥99 %) from Sigma-
Aldrich (Buchs, Switzerland), and 2-naphtol (2-N; 99%) from
Sigma-Aldrich (Milan, Italy). 3-HPh (99 %) and 6-hydroxy
chrysene (6-HC; 99 %) were from Dr. Ehrenstorfer GmbH
(Augsburg, Germany), 2-HPh (99 %) and 3-HBaP (98 %)
from Neochema (Bodenheim, Germany), and deuterated 1-
hydroxy pyrene (1-HP-d9; 99 %) was from Chiron AS
(Trondheim, Norway). 1-HP-d9 has similar chemical and psy-
chical properties as 1-HP and was used as internal standard
(IS) for all of the analytes. It was used for evaluation of the
recoveries in the different extraction and clean-up steps. More
details on the analytes and IS are shown in Table 1.

Methanol, toluene, and acetonitrile (ACN) were of HPLC
grade and were purchased from Rathburn Chemicals Ltd.
(Walkerburn, UK). Anisole (99 %) was from Merck-
Schuchardt (Hohenbrunn, Germany) and ammonium acetate
(analysis grade) was from Merck (Darmstadt, Germany). Water
was purified using a Millipore Synergy 185 (Millipore Corp.,
Danvers, MA, USA) water purification system equipped with a
Millipak 0.22 μm membrane filter (Millipore).

Stock solutions with concentrations of approximately
0.1 g/L in methanol were prepared for all compounds, except
the analytes 2-HPh, 3-HPh, and 3-HBaP, which were pur-
chased as solutions in acetonitrile with the concentrations of

Table 1 Abbreviations, CAS-No., and molecular weights (Mw)
(g/mol) of the investigated analytes

Analytes Abbreviation CAS No. Mw

1,8-dihydroxy anthraquinone 1-8-DHAQ 117-10-2 240.21

3-hydroxy benzo[a]pyrene 3-HBaP 13345-21-6 268.31

2-hydroxy biphenyl 2-HBP 90-43-7 170.21

4-hydroxy biphenyl 4-HBP 92-69-3 170.21

6-hydroxy chrysene 6-HC 37515-51-8 244.29

2-hydroxy-9-fluorenone 2-H-9-F 6949-73-1 196.20

1-hydroxy pyrene 1-HP 5315-79-7 218.25

2-hydroxy phenanthrene 2-HPh 605-55-0 194.23

3-hydroxy phenanthrene 3-HPh 605-87-8 194.23

1-naphtol 1-N 90-15-3 114.17

2-naphtol 2-N 135-19-3 114.17

1-hydroxy pyrene-d9 1-HP-d9 132603-37-3 227.30
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0.1 g/L. Working standard solutions were prepared from the
stock solutions by diluting 100 μL of each stock solution with
methanol to a final volume of 1 mL. The stock solutions of
each analyte were stored in a freezer (–20 °C) and were stable
for at least 1 y.

Samples

Wood smoke particles

Wood smoke particles were generated using a conventional
natural draft wood stove, fired with birch logs with a moisture
content of 16–17 %. The wood stove was operated in a labo-
ratory flue gas setup, including a flue gas fan to ensure a rele-
vant chimney draft throughout the combustion cycles. The
stove was operated in two modes; nominal burn rate (NB) with
Bnormal^ combustion conditions, and high burn rate (HB) with
high load intensive combustion. During the combustion, ap-
proximately 2 and 3 kg/h of wood logs (dry mass) were con-
sumed in the different modes, respectively. During the NB
mode, the stove maintained a rather good combustion (CO in
the range 500–5000 ppm) throughout the burn-cycle, whereas
during the HBmode the high burn rate caused short episodes of
Bflash over^ with oxygen supply deficiency (CO in the range
1000–20,000 ppm), in accordance with a previous study [38].

The emissionmeasurements were performed in the flue gas
channel, approximately 1.5 m above the stove at flue gas
temperature of 100−300 °C, depending on combustion con-
ditions. The raw flue gases were diluted around four times by
a porous tube diluter [39] operatedwithHEPA filtered dilution
air at ambient temperature. The wood smoke particles were
sampled on MK360, 90-mm micro-quartz fiber filters
(Munktell Filter AB, Falun, Sweden). The filters were condi-
tioned in a desiccator and weighed on an analytical balance
(scale accuracy of ±0.01 mg) before and after the sampling
and stored in a freezer (–20 °C) until chemical analysis. The
combustion and sampling set-ups and procedures are de-
scribed in detail elsewhere [38, 40]. Three wood smoke sam-
ples were analyzed in the present study; wood smoke sample 1
(HB case) and wood smoke sample 2 and 3 (NB cases). Blank
filters were also generated and analyzed.

Soil samples

The soil samples were collected at the industrial area of
Värtahamnen in Stockholm, Sweden, which contains an in-
dustrial area adjacent to a harbor for large cargo and commer-
cial ships. The area, in particular, is of interest because of the
combustion of fossil fuels from ships and the industries. The
following three sampling locations were chosen: the harbor
terminal (59°21.010′N 18°6.333′E) as sampling location 1, an
industrial area owned by an electrical company (59°21.231′N
18°6.550′E) as sampling location 2, and a gas station

(59°21.376′N 18°6.313′E) as sampling location 3. The sam-
ples were collected at a depth of approximately 10 cm and
were dried overnight at 25 °C. After drying, the samples
were sieved to <2 mm using Sieve Shaker (AS200;
Retsch, Haan, Germany) to remove stone and gravel. The
samples were then stored in a refrigerator (4–6 °C) until
chemical analysis.

Pressurized liquid extraction of samples

Approximately 40 mg of wood smoke particles or 1–1.5 g of
soil was placed in an 11-mL stainless steel extraction cell and
the IS (1-HP-d9) was added. The samples were extracted with
methanol at 200 °C and 2000 psi in two 10-min extraction
cycles, using an ASE 200 accelerated solvent extraction system
(Dionex Corporation, Sunnyvale, CA, USA). The preheating
time was 3 min, the equilibration time 9 min, purge with nitro-
gen in 1min, and 30% solvent flush. After extraction, the crude
extracts were reduced in volume under a gentle stream of nitro-
gen in a TurboVap LV evaporator (Zymark Corporation,
Hopkinton, MA, USA) at 65 °C to a final volume of approxi-
mately 0.5 mL. Method blanks, comprising micro-quartz fiber
filters with added IS, were extracted, cleaned up, and analyzed
in the same way.

Sample clean-up

Solid phase extraction (SPE) was used to clean up the extracts.
The silica SPE cartridges (100 mg isolute; Biotage, Uppsala,
Sweden) were conditioned with 3 mL hexane before 0.5 mL
of the crude extract was added. The cartridges were washed
with 0.5 mL hexane and the analytes were eluted with 3 mL
methanol. The eluted fractions were evaporated to 0.5 mL and
filtered by 0.2 μm Nylon filters (SUN-SRi, Rockwood, TN,
USA) prior the analysis.

HPLC-MS/MS analysis

The analyses were performed on a HPLC system from Perkin
Elmer (Waltham, USA) consisting of a Series 200 membrane
degasser, two Series 200 micro pumps and a Series 200
autosampler. The chromatographic separation was performed
on a C18 column (ACE 3, Ø 2.1 mm×50 mm, 3 μm particle
size, Advanced Chromatography Technologies, Aberdeen,
Scotland). A C18 Guard-PAK™ HPLC pre-column (Waters,
Millipore Corp., Milford, MA, USA) was used as a guard
column prior the analytical column. Mobile phase A was
20 mM ammonium acetate and mobile phase B was acetoni-
trile. The loop volume was 5 μL and the mobile phase flow
rate was set to 250 μL/min. The gradient condition used was:
0.1 min 30 % B, 2 min 60 % B, 4 min 60 % B, 6 min 90 % B,
7 min 90 % B, 7.1 min 30 % B. The system was equilibrated
for 5 min with 30 % B before each run.
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An Agilent Technologies 1100 series binary pump
(Waldbronn, Germany) was used as a dopant introducing
pump. The dopant flow rate was set to 25 μL/min.

A triple quadrupole mass spectrometer, PE SCIEX API 365
LC/MS/MS System (SCIEX Toronto, ON, Canada) with a
PhotoSpray photoionization interface was used. The MS param-
eters were set as follows; curtain gas (N2): 8 arbitrary units (a.u.),
nebulizer gas: 75 psi, collision gas (N2): 6 a.u., ion spray voltage:
–3000 V, auxiliary gas: 8 a.u., temperature: 400 °C. The dwell
time for each selected reaction monitoring (SRM) transition was
set to 0.15 s. The optimal instrumental parameters for each ana-
lyte were obtained by tuning, using direct infusion of individual
standard solutions. Quantitative analyses were performed in MS/
MS mode. The identification of the analytes was based on com-
parison of SRM transitions and retention timeswith pure standard
solutions. The analyte-specific parameters are shown in Table 2.
Data were acquired and processed with Analyst software (ver.
1.4.2.; AB SCIEX, Concord, ON, Canada).

Extraction recoveries

Several parameters can affect the extraction efficiency; thus,
experimental design was used as a first approach for screening
for conditions with the highest impact on the extraction recov-
eries. Blank micro-quartz fiber filters were spiked with all the
analytes in concentrations of approximately 10 μg prior the
extraction, and IS was added to the crude extracts after the
extraction. A two-level full factorial design (24) with 16 runs
was constructed for the evaluation of four factors; temperature
(100 °C or 200 °C), pressure (1000 psi or 2000 psi), number of
extraction cycles (1 or 2), and the static time of each cycle (5 or

10 min). Each factor was given a minimum (–1) and a maxi-
mum (+1) value, the lowest setting getting the minimum value
and vice versa, e.g., for the temperature, 100 °C was given –1
and 200 °C was given +1. The experimental design matrix and
the outcome of each run (the average recovery of all analytes in
duplicate) are shown in Table 3. The experimental data were
processed using Modde software (ver. 10; MKS Umetrics,
Umeå, Sweden).

Matrix effects

The matrix effects were determined by post-extraction
standard addition experiments. The soil sample extracts
were spiked with a standard solution containing all the
analytes at concentration level of 0.1 μg/g soil. The
wood smoke sample extracts were similarly spiked at
a concentration level of 125 μg/g wood smoke particles. The
response factors obtained by these additions were compared
with those obtained for pure standard solutions, to evaluate the
matrix effects.

Results and discussion

Chromatographic separation

Example chromatograms for the analytes in a standard
mixture are shown in Fig. 1. The analytes were separated
within 7 min with a total run time of 12 min (including

Table 2 Analyte specific instrument parameters for each analyte

SRM transitions (CEa [eV]) DPb (V) FPc (V) EPd (V)

1-8-DHAQ 239>211 (–34) -40 -300 -11.5

3-HBaP 267>239 (–60) -40 -200 -10

2-HBP 169>115 (-65) -40 -200 -4

4-HBP 169>93 (-65) -40 -200 -11.5

6-HC 243>215 (-55) -40 -200 -10

2-H-9-F 195>167 (-34) -40 -200 -7

1-HP 217>189 (-48) -40 -200 -11

2-HPh 193>165 (-50) -40 -200 -10

3-HPh 193>165 (-45) -40 -200 -10

1-N 143>115 (-65) -40 -200 -12

2-N 143>115 (-65) -40 -200 -8.5

1-HP-d9 (IS) 226>198 (-48) -40 -200 -7

a Collision energy
bDeclustering potential
c Focusing potential
d Entrance potential

Table 3 A two-level full factorial experimental design matrix for eval-
uation of extraction conditions

Temperature Pressure Number
of cycles

Static time
each cycle

Recovery (%)

-1 -1 -1 -1 84

+1 -1 -1 -1 80

-1 +1 -1 -1 86

+1 +1 -1 -1 86

-1 -1 +1 -1 81

+1 -1 +1 -1 85

-1 +1 +1 -1 83

+1 +1 +1 -1 87

-1 -1 -1 +1 82

+1 -1 -1 +1 86

-1 +1 -1 +1 84

+1 +1 -1 +1 88

-1 -1 +1 +1 83

+1 -1 +1 +1 87

-1 +1 +1 +1 85

+1 +1 +1 +1 89
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5 min equilibration), and most of the peaks and all iso-
mers were well resolved. It is particularly important with
good chromatographic separation for the isomeric OH-
PAHs, since they have the same precursor ions and
transitions and cannot be differentiated by the mass
spectrometer. Only 2-H-9-F could not be separated from
the naphthol isomers; however, these compounds have
different SRM transitions, thus avoiding errors in the
quantification.

Photoionization mass spectrometry

The general principles of APPI have been described in other
studies [32, 33]. The ionization of the OH-PAHs was examined
in both positive and negative modes. Ionization was, however,
better in negative mode, by proton abstraction, because of the
loss of the phenolic hydrogen, generating [M – H]– ions.
Isomeric compounds gave the same precursor ions and transi-
tion and could not be differentiated without chromatographic
separation. An ionization supporting dopant is usually intro-
duced into the ionization region of APPI and the dopant is
selected for its ability to undergo photoionization, requiring
ionization energy (IE) below UV photon energy (10 eV). A
composition of anisole (IE=8.20) and toluene (IE=8.83)
1:1 v/v was introduced as dopant directly into the heated neb-
ulizer probe at a flow rate of 25 μL/min, together with the
auxiliary gas, independently from the HPLC eluent flow. A
higher signal and better ionization were achievedwith this com-
position compared with others or when anisole and toluene
were introduced separately. The dopant flow rate should be
set to approximately 5 to 10 % of the eluent flow rate. The
dopant molecules were ionized by the UV radiation, initiating
ion-molecule reactions involving solvent molecules, which lead
to formation of ionized analytes. The nebulizer gas pressure
(recommended 70–80 psi), auxiliary and curtain gas flow (rec-
ommended 8–10 a.u.), and the vaporizer temperature

(recommended 300–450 °C) were optimized in order to obtain
good ionization. The fragmentation pattern was similar to frag-
mentation obtained in another study using ESI-MS/MS [41]. A
loss of 28 Da (CO) was observed for all OH-PAHs when the
precursor ions were fragmented. These fragments were the
most abundant fragments for all OH-PAHs and were therefore
chosen as identification (together with the retentions times) and
quantification transitions. The fragmentation pattern for hy-
droxy biphenyls was different. A loss of 54 Da (C3H2O) and
76Da (C6H4) was observed for 2-HBP and 4-HBP, respectively.
The SRM transitions for each analyte are shown in Table 2.

Method performance

Calibration, detection limits, and precision

In order to study the linearity, six-point calibration plots were
constructed for all the analytes in two concentration ranges; 1–
50 ng/mL and 0.01–50 μg/mL. The coefficients of correlation,
R2 were≥0.997 in each case. The instrumental limits of detec-
tion (LOD) were calculated from signal-to-noise ratios (S/N) of
standard solutions (obtained from Analyst software), using the
definition S/N ratio greater than 3. The method limits of detec-
tion (MDL) and quantification (MQL) were defined as S/N>3
and S/N>10, respectively, and were determined by spiked sam-
ple extracts for analytes with background concentrations below
MDL andMQL, whereas non-spiked sample extracts were used
for analytes with background concentrations above the MDL
and MQL. The instrumental LOD were in the range of 9–56 pg
injected. The MDL for wood smoke and soil samples were 3–
12 ng/g and 3–11 ng/g, respectively, whereas the MQL for
wood smoke and soil samples were 5–38 ng/g and 6–36 ng/g,
respectively, Table 4.

The instrumental LOD were higher compared with those
obtained in some other studies [36, 42] (Table 5), which may
depend on the fact that the instrument used in this present

Fig. 1 LC-MS/MS chromatograms of the quantitative ions for the analytes in a standard mixture (approximately 10 μg/mL)
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study belongs to an older generation of mass spectrometers.
One can therefore assume that with a newer instrument
equipped with APPI source, the instrumental LOD should be
in the same range or even lower than those obtained in other
studies, since APPI has been shown to be more sensitive com-
pared with APCI and ESI [31, 32]. Instrumental LOD is often
significantly lower than MDL, and does not reflect the practi-
cal detectability of the analytes in the matrix analyzed. It
would therefore be more interesting to compare the MDL
obtained in different studies. This information was not avail-
able in the literature for the analytes determined in this study.
Lower LOD are desirable but not essential when analyzing
matrices containing relatively high amounts of the target com-
pounds, e.g., wood smoke, but are necessary when analyzing
urine or water samples where they are present in much lower
concentrations. The LOD and MQL were, however, sufficient
for the sample matrices analyzed in this present study.

The precision and repeatability of the developed method
was established through five independent sample preparations
and analyses. Blank filters were spiked with a standard solu-
tion mixture prior to extraction and analyzed. The relative
standard deviations (RSDs) for all analytes ranged from 2 to
12 %, Table 4.

Extraction recoveries

Results obtained from the experimental design were plotted in a
coefficient plot showing that the main conditions affecting the
extraction efficiency were the temperature and the pressure
(p=0.05), both having a significantly positive effect on the

extraction recoveries, Fig. 2a. The coefficient plot displays the
regression coefficients with confidence intervals and a coeffi-
cient is significant when the confidence interval does not cross
zero. The temperature and the pressure were further plotted in a
contour plot (Fig. 2b), showing that the recovery increased lin-
early with increased temperature and pressure and was highest
at their maximum values (+1). Although there was no statisti-
cally significant evidence that the number of cycles and the
static time of the cycles affect the extraction efficiency, when
the results from the experimental design were plotted in a 4-D

Table 4 DeterminedMDL,MQL for wood smoke and soil samples (injection volume 5 μL), repeatability (n=5), recoveries (n=3), and matrix effects
in soil (n=3) and wood smoke (n=2) samples of all the analytes

MDLa MQLb MDL MQL Repeatability Recoveries (%) Matrix effects Matrix effects
Wood smoke
(ng/g)

Wood smoke
(ng/g)

Soil (ng/g) Soil (ng/g) RSDc (%) (RSD %) Wood smoke (%)
(RSD %)

Soil (%)
(RSD %)

1-8-DHAQ 3 8 4 7 12 102 (0.7) 99 (1.5) 101 (2.0)

3-HBaP 7 20 7 22 5 70 (2.4) 101 (0.3) 98 (1.4)

2-HBP 11 36 10 34 3 75 (1.2) 100 (0.8) 98 (2.1)

4-HBP 12 37 11 36 6 79 (3.3) 102 (1.1) 100 (0.6)

6-HC 2 5 3 6 4 102 (1.1) 101 (1.7) 97 (1.5)

2-H-9-F 6 18 6 19 11 85 (1.9) 92 (2.4) 95 (0.7)

1-HP 6 18 5 18 2 102 (0.8) 104 (3.2) 101 (2.6)

2-HPh 7 24 6 22 3 100 (1.1) 95 (2.2) 99 (0.8)

3-HPh 8 22 9 25 5 101 (1.3) 98 (1.9) 94 (1.3)

1-N 10 28 12 31 8 80 (3.2) 93 (1.4) 97 (0.9)

2-N 11 38 10 35 5 85 (2.5) 97 (2.3) 99 (1.8)

1-HP-d9 4 19 3 13

aMethod detection limit
bMethod quantification limit
c Relative standard deviation

Table 5 Instrumental LOD (pg) obtained in the present study com-
pared with LOD values from the literature

This study wood
smoke/soil inj.
vol. 5 μL

Cochran et al. [36]
wood smoke inj.
vol. 1 μL

Pojana et al. [42]
wastwater inj.
vol. 50 μL

1-8-DHAQ 11 3 n.r.

3-HBaP 33 n.r. n.r.

2-HBP 54 1 n.r.

4-HBP 56 2 n.r.

6-HC 9 n.r. 0.0025

2-H-9-F 28 13 n.r.

1-HP 27 2 0.005

2-HPh 33 n.r. n.r.

3-HPh 38 n.r. n.r.

1-N 47 n.r. 0.02

2-N 52 n.r. 0.02

n.r. = not reported/determined
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contour plot (Fig. 3), highest recovery was obtained when all of
the screened parameters were set at their maximum values.
Hence, the conditions for the extraction were chosen as follows:
temperature 200 °C, pressure 2000 psi, 2× 10 min cycles.

The recoveries of the analytes ranged from 70 to 102 %,
with RSDs lower than 3.3 % for all the compounds, Table 4.
The extracts did not undergo any clean-up steps; therefore, it is
assumed that the recoveries obtained only reflect the extraction
step. It is important to stress that extraction of spiked filters and
real samples differs because of analyte–matrix interactions for

real samples. For this reason, wood smoke and soil samples
were spiked with all the analytes and extracted with chosen
extraction conditions, showing that the recoveries did not vary
compared with the spiked filter samples. To the best of our
knowledge, there are no certified reference materials (CRM)
or certified methods provided by the National Institute of
Standards and Technology (NIST) for determination of OH-
PAHs in environmental matrices. The only CRM available
are SRM 3672 and SRM 3673 BOrganic contaminants in
smokers’ urine^ and BOrganic contaminants in non-smokers’

Fig. 2 (a) Coefficient plot of the
coefficients that may affect the
experimental response and (b)
contour plot of the temperature
and the pressure
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urine,^ respectively, which are not suitable to evaluate the
method developed in the present study.

Sample clean-up

The SPE clean-up step was developed and improved by using
standard solutions containing all of the analytes. After the SPE
clean-up step, there was a loss of roughly 5 % of the analytes,
yielding recoveries of 95–100 % in the standard

solution. Losses in the evaporation and filtration steps
were also examined, concluding that another 5 % of the
analytes were lost in the evaporation step, whereas no losses
occurred in the filtration step.

To determine the efficiency of the clean-up step, extracts
spiked with all the analytes that were cleaned up on SPE
cartridges were compared with extracts without undergoing
the clean-up step. Yields ranging 92–104 % were achieved
for the extracts from the SPE clean-up, whereas extracts that

Fig. 3 4-D response contour of the recovery

Fig. 4 LC-MS/MS chromatograms of the quantitative ions for the analytes present in (a) wood smoke particles and (b) soil
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did not undergo the clean-up step suffered from signal sup-
pressions and enhancements with yields ranging 85–120 %. It
can therefore be stated that the SPE clean-up step is necessary
to get rid of most of the matrix effects.

Matrix effects

Matrix effects occur when the signal responses of the analytes
are suppressed or enhanced by the sample matrix. Ideally,
when corresponding response factors for the spiked sample
are compared with those obtained for pure standards,
the relative response factors should be 100 %. Matrix
effects between 92 and 104 % were observed for all the
analytes in both matrices (Table 4), demonstrating that the
matrix effects are small.

Application to samples

The developed method was applied to wood smoke particles
and soil samples. Soil samples were prepared and analyzed in
triplicate, whereas wood smoke samples were analyzed in du-
plicate. 1-HP was the only analyte detected in the soil samples,
at sampling locations 2 and 3. Other OH-PAHs could not be
detected above the LOD. Sampling location 2 contained 1-HP
at a concentration level of 0.19 μg/g, whereas the concentra-
tion of 1-HP at sampling location 3 was 0.21 μg/g. Several

OH-PAHswere detected in the wood smoke samples analyzed.
Four analytes were detected in all wood smoke samples; 1-HP,
2-H-9-F, 2-HPh, and 3-HBaP, whereas 1-N was only detected
in one wood smoke sample (sample 1). The concentrations in
wood smoke sample 1, which was a HB case sample, ranged
from 4.70 to 127 μg/g, and for wood smoke samples 2 and 3
(NB cases), from 0.88 to 84.8 μg/g and 1.43 to 97.4 μg/g,
respectively. Chromatograms for the target analytes present
in a wood smoke and a soil sample are shown in Fig. 4a and
b. The determined concentrations of the analytes in the samples
analyzed in this study and literature values are summarized in
Table 6. There are few studies in the literature that have deter-
mined OH-PAHs in wood smoke and soil samples, and only a
small number of OH-PAHs are determined, together with
PAHs and/or oxy-PAHs [35, 36, 43, 44]. The different analyt-
ical methods reported in the literature for determination of OH-
PAHs in smoke particles and soil samples are summarized in
Table 7. GC-MS is the most used technique for detection of
OH-PAHs in environmental samples. Compared with HPLC-
MS, GC-MS is easier to work with since more parameters need
to be adjusted and tuned when using HPLC-MS. However, a
derivatization step is necessary when using GC-MS to convert
OH-PAHs into thermostable and less polar compounds, and
the run times are often longer compared to HPLC-MS
methods. Various techniques, such as PLE, soxhlet, and
ultrasonication are used for the extraction of OH-PAHs.

Table 6 Determined concentrations (μg/g) of OH-PAHs in wood smoke and soil samples and literature values. Analytes not detected in any samples
have not been included in the table

Samples 2-HBP
mean (SDa)

4-HBP
mean (SD)

2-H-9-F
mean (SD)

1-HP
mean (SD)

2-HPh
mean (SD)

3-HBaP
mean (SD)

1-N
mean (SD)

Wood smoke sample 1 (n=2) n.d. n.d. 87.3 (6.40) 127 (14.0) 71.8 (3.80) 4.70 (0.60) 54.2 (2.30)

Wood smoke sample 2 (n=2) n.d. n.d. 38.5 (2.10) 84.8 (5.30) 39.6 (4.40) 0.88 (0.02) n.d.

Wood smoke sample 3 (n=2) n.d. n.d. 41.9 (4.70) 97.4 (2.20) 64.4 (7.10) 1.43 (0.04) n.d.

Soil sample 1 (n=3) n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Soil sample 2 (n=3) n.d. n.d. n.d. 0.19 (0.01) n.d. n.d. n.d.

Soil sample 3 (n=3) n.d. n.d. n.d. 0.21 (0.05) n.d. n.d. n.d.

Wood smoke literature [35] 20.6 (3.2) 47.0 (2.9) 90.6 (8.6) 96.3 (8.1) n.d. n.d. n.d.

a One standard deviation of mean

n.d.: not detected

Table 7 The analytical method developed in this study compared with analytical methods reported for OH-PAHs in smoke particles and soil samples
in the literature

This study Bandowe et al. [35] Cochran et al. [36] Bi et al. [43]

Matrix Wood smoke/soil Soil Wood smoke Coal smoke

Extraction technique PLE (methanol) PLE (dichloromethane; followed by
acetone/dichloromethane/
trifluoroacetic acid 250:125:1)

Soxhlet (dichloromethane
and methoanol)

Sonication (dichloromethane/
methanol 2:1)

Clean-up Silica SPE Silica SPE Aminopropyl SPE

Instrumental analysis SRM, LC/MS/MS SIM, GC/MS SIM, GC/MS SIM, GC/MS
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While soxhlet is considered to be a solvent and a time-
consuming procedure, PLE and ultrasonication are fast extrac-
tion techniques that work well for PAHs in general. In almost
all studies, a clean-up step is used after the extraction to get rid
of the polar compounds. This step is especially important when
dealing with soil samples.

There was no significant difference (p=0.05) between the
concentrations determined in the wood smoke samples in this
study and the values obtained in the study by Cochran et al.
[36], although the wood smoke samples in the latter study
were collected from residential wood stoves and no further
experiments on the combustion process were done. No litera-
ture values on the amount of 1-HP in soil could be found for
comparison with soil samples analyzed in this present study.

Although wood smoke particles are assumed to be a pri-
mary source of OH-PAHs in the environment, OH-PAHs can
be formed in soil by microbiological degradation of PAHs or
end up in the soil as contaminants from secondary sources.
That OH-PAHs are present in wood smoke samples suggests
that they can be formed via other mechanisms than by micro-
biological and/or photochemical degradation of PAHs. The
exact mechanism of OH-PAH formation during wood com-
bustion is not fully clarified. It has, however, been suggested
that it occurs through rapid radical reaction between hydroxyl
radicals and PAHs because the combustion process oc-
curs rapidly [43]. Thus, further investigations are re-
quired to fully understand the formation and occurrence of
OH-PAHs in soil and wood smoke particles as well as in other
environmental matrices.

Conclusions

A simple and fast method for analysis of OH-PAHs using PLE
and HPLC-APPI-MS/MS was developed in this study.
Simultaneous determination of 11 OH-PAHs with a run time
of 12 min (including equilibration of 5 min) could be per-
formed with high precision and low LOD and MQL. Lower
LOD and MQL are expected with a newer mass spectrometer
coupled to APPI source. A two-level full factorial experimen-
tal design was used for screening for conditions with the
highest impact on the extraction. The extraction procedure
was automated and suitable for a large number of samples.
Extraction recoveries were good, and matrix effects were
small. Five OH-PAHs were determined in wood smoke and
soil samples in the concentration range 0.19–210 μg/g, using
the developed method. Although OH-PAHs have gained more
attention in recent years, a large part of the research done has
focused on them as metabolites of PAHs. Their potential toxic
and carcinogenic properties, together with few analytical
methods reported in the literature for determination of OH-
PAHs in environmental matrices, and the lack of CRM and
certified methods shows that a significant amount of research

is still needed in this area, as well as fast and simple methods
for determination of these compounds in complex environ-
mental matrices. The method developed in this study covers
a broader range of different OH-PAHs, and the extraction,
separation, and detection are specifically developed for OH-
PAHs. As far as we know, OH-PAHs were determined in
wood smoke particles and soil samples using APPI for the
first time in this study. Accordingly, this study shows that
HPLC-APPI-MS/MS can be a good option for determination
of OH-PAHs in complex environmental matrices.
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