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Abstract
In this study, a novel, simple, and highly sensitive analytical procedure for the quantitative evaluation of oxygenated and nitrated
polycyclic aromatic hydrocarbons in volcanic ash samples based on dispersive solid–liquidmicroextraction (DSLME) coupled to
ultra high-performance liquid chromatography–tandem mass spectrometry (UHPLC-MS/MS) was developed. Diverse chemo-
metric tools were applied to optimize DSLMEworking conditions. Thus, a linear calibration curve for all the target analytes in the
concentration range from 0.01 to 100 μg g−1 (r2 > 0.994) was obtained. The limits of detection for all the compounds were
between 14.6 and 56.0 pg g−1, with high reproducibility (relative standard deviation (RSD) was below 8.1% for all the analytes).
Additionally, recoveries ranged from 94.2 to 100%. The applicability of the method was evaluated and the feasibility of the
existence of nitrated and oxygenated-PAHs in volcanic ashes at ultra-trace levels was demonstrated, which reveals an unknown
source of distribution of these pollutants to the environment.
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Introduction

Volcanic activity is a natural source of pollution, which con-
tributes considerable amounts of pollutants, mainly to the at-
mosphere. The impact of volcano eruptions on the environ-
ment and the atmosphere chemistry has been informed (Ivy
et al. 2017; von Glasow et al. 2009). Several interesting works
have been published focusing on the impact of a spectrum of
volcano-induced pollutants on the environment (Cabré et al.
2016; Geyer et al. 2017; Ilyinskaya et al. 2017; Ivy et al.

2017). Also, the risks this activity represents for ecosystems
and human populations that are located near volcanic sites
have been documented (Cabré et al. 2016; Ilyinskaya et al.
2017; Vigneri et al. 2017). In addition to the effects, particles
smaller than 2 μm in diameter form the plume that can travel
long distances downwind and generate the characteristic ash
falls (Geyer et al. 2017; Vigneri et al. 2017). Particulate matter
(PM) weathering has been investigated (Ilyinskaya et al.
2017), but only a limited amount of information is available
regarding the organic compounds present in volcanic ash
(Kozak et al. 2017; Tomašek et al. 2018).

Polycyclic aromatic hydrocarbons (PAHs) and nitrated
(nitro-PAHs) and oxygenated (oxy-PAHs) derivative forms
are persistent environmental contaminants and can be also
transported, resulting in exposure from multimedia pathways,
such as air, soil, sediment, water, and plants. Thus, their mon-
itoring in these samples is of concern because of their potential
bioaccumulation and toxicity, including carcinogenicity and
mutagenicity (Humans 2010; Lam et al. 2018; Tang et al.
2019; Tiwari et al. 2019).

As known, PAHs complex mixtures and derivatives are
produced by incomplete combustion of fossil fuels (Wang
et al. 2016), biomass (de Oliveira Galvão et al. 2018), forest
fires (Campo et al. 2017), volcanic eruptions (Kozak et al.
2017), among others. A previous investigation demonstrated
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that by heating a mixture composed by H2O/CO2/NH3, simu-
lating the composition of volcanic gas in a reactor containing
volcanic ash at 340–1000 °C, PAHs are formed together with
nitrogen-containing organic compounds (Stracquadanio et al.
2003). Although a recent study reported PAH concentrations
in the order of ng g−1 levels in volcanic ashes (Kozak et al.
2017; Stracquadanio et al. 2003), the presence and amounts of
nitrated and oxygenated PAH derivatives in this type of sam-
ples have not yet been reported.

Nitrated and oxygenated PAHs are considered as pollutants
that require scientists to design analytical methodologies to
separate and to determine them with high sensitivity
(Lundstedt et al. 2007; Tang et al. 2019). Measurements of
nitro-PAHs and oxy-PAHs in complex environmental matri-
ces tend to involve difficult analytical chemistry procedures.
Generally, the extraction of these compounds in solid samples
(soils, food, plant material, fish, sediments, airborne particu-
late matter) involves the use of large volumes of solvents, such
as dichloromethane (DCM), methanol (MeOH), acetone, and
solvent mixtures, as well as Soxhlet-based procedures, ultra-
sonic extraction, pressurized liquid extraction (also called ac-
celerated solvent extraction), microwave extraction, automat-
ed shaking, supercritical fluid extraction, among others alter-
natives (Bandowe and Meusel 2017; Lundstedt et al. 2007).

Currently, substantial efforts have been made to adjust tra-
ditional extraction methods and to develop new strategies to
save time, labor, and materials. In this sense, since its intro-
duction in 2006 (Rezaee et al. 2006), the dispersive liquid
microextraction (DLLME) has undergone a rise in popularity
due to its capability to practically, instantaneously, allow the
extraction. It has been applied mainly for the removal of nu-
merous compound in water samples (Canales et al. 2017;
Chormey et al. 2018; Kaw et al. 2018; Leong et al. 2014; Lu
et al. 2019; Rezaee et al. 2010). In the case of solid matrices, a
previous transference of the analytes to an aqueous solution is
needed (Leong et al. 2014; Rezaee et al. 2010). For optimiza-
tion, several extraction variables, among them nature and vol-
ume of extraction and dispersive solvents, ionic strength, pH,
mixing assistance (manual-, vortex-, and ultrasonic-assisted
modes), and the time required should also be studied (Leong
et al. 2014; Rezaee et al. 2006; Rezaee et al. 2010). The “one-
variable-at-a-time” optimization procedure does not guarantee
the attainment of a true optimum working condition (Mas
et al. 2010). It is well known that the use of chemometric tools
helps the analyst to perform a better optimization of the ex-
perimental development, saving time and materials. In gener-
al, from any chemometric perspective, a screening step, where
many factors are studied to identify those which are significant
and, the optimization itself to obtain the best experimental
conditions should be considered for optimization (Myers
et al. 2016; Vera Candioti et al. 2014). Thus, a central com-
posite uses quantitative data to fit a second-order response
surface (Vera Candioti et al. 2014).

The goal of this work was based on the development and
optimization of methodology for the sensitive quantification
of nitrated and oxygenated PAHs in volcanic ashes. An orig-
inal approach was developed as an alternative to performing
DLLME, which is based on “dispersive solid–liquid
microextraction (DSLME)” (Guiñez et al. 2020). Relevant
microextraction factors were optimized by applying both ex-
perimental design and response surface methodology, respec-
tively. Thus, DSLME was applied to the quantitative extrac-
tion of nitrated and oxygenated-PAHs from volcanic ash sam-
ples. Afterward, trace level determination by chromatographic
separation coupled to atmospheric pressure ionization and tan-
dem mass spectrometry (UHPLC-APCI-MS/MS) was
performed.

Material and methods

Reagents and instrumentation

Chemical standards of nitrated and oxygenated PAH deriva-
tives, 1-nitropyrene (1-NPYR), 2-nitrofluorene (2-NFLU), 3-
nitrofluoranthene (3-NFLUANTH), 9-nitroanthracene (9-
NANTHR), 5,12-naphthacenedione (5,12-NAPHTONE),
9,10-anthracenedione (9,10-ANTHRONE), and 2-
fluorenecarboxaldehyde (2-FLUCHO), were purchased from
Sigma Chemical (St. Louis, MO, USA). Acetonitrile (ACN),
methanol (MeOH), and water Optima® LC-MS grade and
acetone, cyclohexane, toluene, and n-hexane HPLC® grade
obtained from Fisher Scientific (Fair Lawn, New Jersey).
Formic acid was purchased from Fisher Scientific
(Loughborough, UK). Ultrapure water (18 MΩ cm) from a
Milli-Q water purification system from EASY pure (RF
Barnstead, IA, USA) was used.

Acetonitrile-based working standard solutions were pre-
pared by stepwise dilution from 100.0 mg L−1 stock standard
solutions of each compound. The daily standard working so-
lutions at different concentration levels were obtained by di-
luting the stock solutions. All solutions prepared were stored
in dark containers at 4 °C.

The laboratory apparatus used included an ultrasonic water
bath (Testlab TB-10TA., Argentina), a vortex (ArcanoHX-2000-
1, Argentina), and a centrifuge (U-320R-BOECO, Germany).

Instrument and analytical conditions

An Acquity™ Ultra High Performance LC system (Waters,
Milford) equipped with autosampler injection and pump sys-
tems (Waters, Milford) was used for nitro-PAH and oxy-PAH
separation. The autosampler vial tray was maintained at 4 °C.
The separationwas performed by injecting 10-μL sample onto
an ACQUITY UPLC® BEH Phenyl (Waters, Milford, USA)
analytical column with 2.1 mm internal diameter, 100 mm
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length, and 1.7 μm particle size. The binary mobile phases
consisted of water with 0.1% (v/v) of formic acid (A) and
acetonitrile with 0.1% (v/v) of formic acid (B).

Mass spectrometry analyses were performed on a Quattro
PremierTM XEMicromass MS Technologies, triple quadrupole
mass spectrometer with a ZSprayTM equipped with an APCI
interface (Waters, Milford, USA) configured in positive ion
mode. Quantitative determination was performed in multiple re-
action monitoring (MRM) mode of selected. The MRM condi-
tions were further optimized for each analyte to obtain maximum
sensitivity and the most sensitive transitions for each compound
were selected for quantification. The chromatographic conditions
and mass spectrometric instrumental parameters were the same
as in our previous work (Guiñez et al. 2018).

Sampling and sample preparation

The volcanic ash fall samples of Puyehue, Copahue, and
Calbuco volcanoes (Chile) were collected from touristic
places located in the Neuquén Province (Argentina) as shown
in Fig. 1. Volcanic ash particulate material was collected from
sites: (I) San Martín de Los Andes (ashes from the Puyehue
volcano), between June and July (winter in the Southern
Hemisphere), 2011; (II) Cutral Co (ashes from the Copahue
volcano), between December and January (summer in the
Southern Hemisphere), 2012–2013; and (III) Villa La
Angostura (ashes from the Calbuco volcano), between
March and April (autumn in the Southern Hemisphere),
2015. Polyethylene bags were used for sample collection.
These containers were wrapped in aluminum foil and stored
in a dry and dark place at room temperature. Spiked samples
were prepared by the addition of specific volumes of standard
solutions to 0.5-g samples. The mixtures were stirred for
1 min and then incubated at 35 °C for 3 h before analysis.

Conditions for DSLME

The schematic diagram of the DSLME is shown in Fig. 2. A
0.5 g of the dry samplewas placed into a screw cap glass test tube
and spiked with 20 ng g−1 of nitro-PAH and oxy-PAH standard
mixture. After completemixing of the sample and evaporation of
the solvent, 7.5 mL of water at 35 °C was directly added into the
sample and the glass tube was vigorously vortexed for a few
seconds. In this step, a suspension of volcanic ash in water (“slur-
ry sampling” (Resano et al. 2008)) was formed. Immediately, a
mixture of 0.7 mL of acetone (dispersive solvent) and 0.8 mL of
n-hexane (extraction solvent) was introduced and vortex-mixed
for 1 min. Consequently, a cloudy solid-liquid suspension
(consisting of volcanic ash, water, acetone, and n-hexane) was
observed, which resulted from the dispersion of fine n-hexane
droplets in the suspension formed in the test tube. Then, this
mixturewas centrifuged for 5min at 3500 rpm (1291.3g) to favor
phase separation. The resulting pellet was moved into a vial and

dried under a N2 stream, then 100 μL of acetonitrile was added,
and the vial was vortexed (30 s) for subsequent analysis.

Statistical methods for optimization

A two-level full factorial (24) approach was used for screening
to obtain the most significant variables that affect the
microextraction in volcanic ashes. Subsequently, experimen-
tal parameters showing significant effects such as water, ex-
tractant, and dispersive solvent volume were studied in a CCD
design, which consisted of 20 experiments. Finally, the desir-
ability function (D) was used to fully optimize the multiple-
response analysis. This function is a value between 0 and 1
and increases as the corresponding response value becomes
more desirable. The Design-Expert statistical package soft-
ware version 7.0.5 (Minneapolis, USA) was employed to an-
alyze the obtained data.

Results and discussion

Multivariate optimization of DSLME conditions

Factorial design

An adequate extraction solvent in the dispersive-based liquid
microextraction procedure should have properties such as
lower density and solubility in water and good extraction ca-
pability of the analytes (Guiñez et al. 2017; Leong et al. 2014;
Ming-Jie et al. 2015). In this regards, in previous studies,
different solvents including cyclohexane (δ: 0.78 g mL−1),
n-hexane (δ: 0.66 g mL−1), and toluene (δ: 0.87 g mL−1) as
extraction solvents and acetone, acetonitrile and ethanol as
dispersive solvents based on their extraction efficiency of the
compounds under study. From the obtained results, n-hexane
and acetone were adopted for further experiments, because
they showed higher extraction efficiency for all nitrated and
oxygenated PAHs studied.

The purpose of DSLME optimization was to select the
appropriate main variables affecting the extraction perfor-
mance of the compounds in the volcanic ash samples. Thus,
a factorial experimental strategy was chosen because it re-
duces the number of experiments and no loss of significant
information occurs. Although the design considered does not
determine the exact quantity, it can provide some important
information about each variable by relatively few experiments
(Myers et al. 2016; Vera Candioti et al. 2014). Moreover, this
approach involves three central points to estimate the experi-
mental error (pure error). In this work, the analyzed variables
were evaluated at two levels, which were selected according to
previous experiments (Canales et al. 2017; Guiñez et al. 2018;
Guiñez et al. 2020; Guiñez et al. 2017). They were (A) water
volume (5 mL to 10 mL), (B) n-hexane volume (0.5 mL to
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Fig. 1 Volcanoes locations and samples collecting areas (I–III). Volcanoes are located in the border between Chile and Argentina. Distances between
volcanoes and sampling sites are shown. Source: Data from the Google Maps (https://maps.google.com/)

Fig. 2 Scheme of the
experimental DSLME procedure
applied for extraction of nitrated
and oxygenated PAHs
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1 mL), (C) acetone volume (0.5 mL to 1 mL), and (D) vortex
agitation time (1 min to 5 min). The experimental responses
were calculated as the chromatographic peak area obtained for
each nitro- and oxy-PAHs. The design matrix used in the 24

full factorial design, with the responses for each analyte, is
shown in Table S1-Supplementary material. All experiments
were conducted under random order and homogeneous con-
ditions to minimize the effects of uncontrolled factors.
Different tools were used to analyze the effects of the factors:
Pareto chart and analysis of variance (ANOVA). The ANOVA
test according to Fisher’s statistical analysis was applied to the
experimental data to obtain an estimate of standard errors in
the coefficients. The variables were shown to be significant (p
value < 0.05), with positive and negative effects (Table 1).
Similar to previous work for PAHs (Fernández et al. 2015),
different results were observed for nitro-PAHs and oxy-PAHs,
probably because of the different physicochemical character-
istics of these compounds. Pareto charts were also examined
to define the influential factors (Fig. S1-Supplementary mate-
rial). The effects exceeding the statistical limit of Bonferroni
and the t value limit were considered significant.

As a general conclusion of this analysis, water volume (A),
n-hexane volume (B), and acetone volume (C) factors and the
double-interaction (AB, AC, and BC) demonstrated to have
significant effects on the efficiency extraction. Also, a signif-
icant high triple-interaction effect (ABC) was observed for all
nitro-PAHs and oxy-PAHs under study. These results are usu-
ally observed for dispersive liquid microextraction methodol-
ogies, given that both extraction and dispersive solvent vol-
umes are extremely important variables that must be opti-
mized in the development of this type of strategy (Rezaee
et al. 2010). On the other hand, in techniques of “slurry

sampling” (suspension of the solid sample), the volume of
water (A) is also a fundamental variable to be studied
(Resano et al. 2008). The analysis of the effects of the vari-
ables on the responses allowed to conclude that the vortex
time (D) was the only factor with no significant influence on
the extraction method and it showed no interaction with the
others (see Fig. S1-Supplementary material), probably be-
cause the large surface area created between aqueous solution
and extraction solvent (Leong et al. 2014; Rezaee et al. 2010).
Therefore, the transition of the analytes between these phases
formed is very fast and agitation times greater than 1 min do
not affect the efficiency extraction. Consequently, the vortex
time is the factor that remains fixed (1 min), while the other
factors were included in the following optimization process.

Response surface design

The second step was to optimize the previously observed af-
fecting variables for the proposed DSLME technique. Thus,
water, extraction, and dispersive solvent volumes were studied
using a central composite design. The CCD consisted of 20
experiments in the following ranges: (A) water volume (5–
10 mL), (B) extraction solvent volume (0.5–1 mL), and (C)
dispersive volume (0.5–1 mL). Thus, a single block rotatable
design (α = 2.0), with six central points, was built. Table S2-
Supplementary material summarizes the experimental design
matrix altogether with the responses obtained (peak area) for
each nitro-PAHs and oxy-PAHs studied.

To determine a critical point, it is necessary for the polyno-
mial function to contain a quadratic model (Table 2). The
results obtained, p value at 95% confidence level, demonstrat-
ed that the water volume (A) affects the extraction (peak area)

Table 1 Probability values for main factors, double and triple interactions, obtained when applying ANOVA to the responses studied with factorial
design (24) for the proposed DSLME

1-NPYR 2-NFLU 3-NFLUANTH 9-NANTHR 5,12-NAPTHONE 9,10-ANTHRONE 2-FLUCHO
p valuea,b

Factor

A-water < 0.0001 (+) 0.2335 0.0001(+) 0.9726 0.0024(+) 0.2100 0.6208

B-n-hexane 0.0137(−) 0.7152 0.0401(−) 0.6794 0.0081(+) 0.0963 0.1747

C-acetone 0.0048(−) 0.1274 0.0131(−) 0.5884 0.0091(+) 0.3100 0.1104

Interaction factors

AB < 0.0001(+) 0.0211(+) 0.0030(+) 0.5810 0.0194(+) 0.2774 0.0944

AC < 0.0001(+) 0.3649 0.0031(+) 0.5189 0.0314(+) 0.8162 0.3225

BC 0.0366(−) 0.0174(−) 0.5457 0.7865 0.03953(+) 0.2816 0.0583

ABC < 0.0001(−) < 0.0001(−) < 0.0001(−) < 0.0001(−) < 0.0001(−) < 0.0001(−) < 0.0001(−)
Model < 0.0001 0.0005 < 0.0001 0.0006 < 0.0001 0.0011 < 0.0001

Curvature < 0.0001 0.0188 0.0002 0.0009 < 0.0001 0.0006 < 0.0001

Lack of fit 0.0791 0.1255 0.9896 0.0583 0.3110 0.1063 0.1143

a Considered significant when p value < 0.05
b Signs between parenthesis correspond to the effects on the significant variables
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of all of the compounds. On the other hand, except for 9-
NANTHR and 5,12-NAPTHONE, all responses were affected
by the extractant volume, n-hexane (B). Finally, the acetone
volume (C) only affected the responses of 1-NPYR and 9,10-
ANTHRONE. Besides, the two interactions (A2, B2, and C2)
were statistically significant for all the compounds’ responses.

ANOVA and regression analysis were used to assess the
significance of the variables (Table 3). As can be seen, qua-
dratic models (with p value < 0.05) are those that better ex-
plain the extraction efficiency for all the compounds under
study. The model coefficients were calculated by multiple
regression and val idated by ANOVA (Table S3-
Supplementary material). The coefficient of variation ranged
between 1.01 and 28.87%. The model presented high deter-
mination coefficients (between 0.854 and 0.999) for all cases.
These values indicated a good agreement with the experimen-
tal data and a good fitting ability for the model. Thus, the
procedure demonstrated the capability of the model to work
as a predictive tool. The large adjusted R2 (between 0.806 and
0.999) values indicated an adequate relationship between the
experimental data and the fitted model.

Actual and predicted values were scattered in close proximity
with the line, which indicates a good correlation between predict-
ed and actual responses and, in turn, the good fit of the proposed
quadratic models for all nitro-PAHs and oxy-PAHs. Tests of the
normality of the residuals of experimental data were also ana-
lyzed. The errors were normally distributed, and there were al-
most no critical violations of the assumptions that underlie the
analysis. Thus, the normality hypotheses could be approved: the
predictive regression model accounted for all information avail-
able from the experimental data.

Finally, the response criterion was successfully applied to
optimize the DSLME extraction of nitro-PAHs and oxy-
PAHs. The criterion followed to simultaneously optimize the
seven responses was to maximize the peak area, giving more
importance to the analytes with the smallest area (2-NFLU
and 9-NANTHR) and, in descending order, of importance
for the rest of the analytes (Table S4-Supplementary material).
Besides, some boundaries were considered to use the mini-
mum volume of acetone and n-hexane, following the princi-
ples of green chemistry.

After optimization, the experimental conditions (maximum in
the desirability function (D = 0.682, which is considered satisfac-
tory for a multi-analyte optimization strategy) were water vol-
ume: 7.5 mL, n-hexane volume: 0.83 mL, and acetone volume:
0.69 mL. Then, to simplify the experimental procedure, the
extracting solvent volume was chosen to be 0.80 mL and the
dispersive solvent volume to be 0.7 mL. As was observed in
Fig. 3, these conditions do not produce any significant variation
in the D value. The results suggested through the optimization
procedure were experimentally corroborated with a close agree-
ment and used for sample analyses.

Effect of mode and agitation time

In any dispersive microextraction, the mass transfer between
phases is improved as the emulsion is formed. It would be also
anticipated that agitating the system after the addition of the

Table 2 Probability values for each factor corresponding to the selected quadratic model when applying ANOVA test

1-NPYR 2-NFLU 3-NFLUANTH 9-NANTHR 5,12-NAPTHONE 9,10-ANTHRONE 2-FLUCHO
Factor p valuea

A-water < 0.0001 0.0006 0.0042 0.1893 0.8077 0.0004 0.0156

B-n-hexane < 0.0001 < 0.0001 < 0.0001 0.0032 0.0002 0.0068 < 0.0001

C-acetone 0.0145 0.4648 0.0896 0.3211 0.1348 0.0020 0.1204

AB < 0.0001 0.0853 0.0140 – – – –

AC 0.0118 – – – 0.0604 – –

BC < 0.0001 – – – – 0.0194 0.0020

A2 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0039 < 0.0001 < 0.0001

B2 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0059 < 0.0001 < 0.0001

C2 < 0.0001 0.0082 < 0.0001 0.0008 0.0009 < 0.0001 < 0.0001

a Considered significant when p value < 0.05

Table 3 Statistical values obtained when applying ANOVA, lack of fit,
and regression of the selected models

Compounds Model p valuea R2 adj. CV (%)

Model Lack of fit

1-NPYR Quadratic < 0.0001 0.4975 0.9990 1.01

2-NFLU Quadratic < 0.0001 0.3719 0.9095 14.53

3-NFLUANTH Quadratic < 0.0001 0.0953 0.9845 5.20

9-NANTHR Quadratic < 0.0001 0.0893 0.8057 28.87

5,12-NAPHTONE Quadratic 0.0004 0.9039 0.8586 17.67

9,10-ANTHRONE Quadratic < 0.0001 0.0657 0.9576 13.15

2-FLUCHO Quadratic < 0.0001 0.0702 0.9540 9.84

a Considered significant when p value < 0.05
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extractant solvent could have some influence in the ex-
traction efficiency; thus, manual shaking, vortex, magnet-
ic stirring, or ultrasonic agitation, among others, has been
used (Mansour and Danielson 2017). Similarly, in this
work, the attempts were primarily centered on optimizing
different types of emulsification strategies: manual shak-
ing, ultrasound application, and vortex agitation. The re-
sults revealed the highest recovered for vortex agitation in

comparison with the other tested emulsification strategies
(Fig. 4a). The effect of the vortex agitation time was
assessed in the range of 0.25 (15 s) to 5 min. The results
of this study showed that the extraction recovery of both
nitro-PAHs and oxy-PAHs increased as the vortex time
increased up to 1 min and, then, leveled off at longer
vortexing times (Fig. 4b). Thus, a 1-min vortex agitation
period was selected as optimum for extraction.

Fig. 3 Contour line graph
corresponding to the desirability
function when the acetone and n-
hexane volumes were optimized
analyzing seven responses simul-
taneously. The water volume was
kept constant at 7.5 mL

Fig. 4 Effect of a type and b agitation time on extraction efficiency. Concentration of mixture PAH derivative standard solution: 15 ng g−1; water
volume: 7.5 mL; acetone (dispersive solvent) volume: 0.7 mL; n-hexane (extracting solvent volume): 0.8 mL; centrifugation: 5 min at 3500 rpm
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Effect of sample mass

In general, a microextraction technique should minimize the
use of organic solvents. However, the reduction of volumes
can lead to some practical difficulties related to phase collec-
tion, extraction, and extraction times. In order to improve the
detection of nitrated and oxygenated PAHs in volcanic ashes,
different sample masses (0.5–1.5 g) were studied, while the
remaining optimized conditions extracting solvent (800 μL of
n-hexane), dispersive solvent (700 μL of acetone), and water
volume (7.5 mL) were kept constant.

The obtained results (Fig. 5) showed that there were no
significant differences in recovery values by increasing the
sample mass from 0.5 to 1 g. However, for sample mass great-
er than 1 g, a marked decrease in recovery (R) was observed
for most of the nitrated and oxygenated PAH derivative com-
pounds. Thus, a mass of 0.5 g was used for further
experiments.

Method validation

To evaluate the developed method, analytical parameters such
as linear ranges (LR), limits of detection (LODs) and quanti-
fication (LOQs), recoveries, and inter-day and intra-day pre-
cisions were calculated (Table 4).

The linearity was obtained from analyzing a mix of sam-
ples spiked with a standard solution of nitro-PAHs and oxy-
PAHs; the linear concentration level was from 0.05 to
100.0 ng g−1. Thus, correlation coefficients (r) from 0.994 to
0.998 were obtained, showing satisfactory linearity between
the concentration and the peak area of each analyte in the
calibration curves. Detection limits and quantification limits
were calculated as recommended by the IUPAC (Uhrovčík
2014). Thus, LODs and LOQs obtained were in the range of
0.015 to 0.056 ng g−1 and 0.046 to 0.170 ng g−1, respectively.

Repeatability (intra-day) and reproducibility (inter-day) were
evaluated through five replicate extractions during a day
(intra-day) and five replicates at five subsequent days (inter-
day) samples, with three concentration levels (5, 15, and
30 ng g−1) for the nitrated and oxygenated PAH compounds
studied. The results showed an RSD% lower than 8.1% for all
the analytes. Additionally, accuracy was also evaluated by
addition/recovery tests. The repeatability of the method pro-
posed was studied for five replicate extractions using a mix of
volcanic ash mix samples spiked at the 5, 15, and 30 ng g−1

levels. The results (Table S5-Supplementary material) showed
relative recovery average ranging from 95 to 100% and ac-
ceptable repeatability as indicated by relative standard devia-
tions (RSDs) of ≤ 5.7%. Comparison of slopes (b) of the cal-
ibration curves of standards in both pure solvent (ACN) and
spiked samples allowed the estimation of the matrix effect.
The extent of the ion suppression or signal enhancement was
calculated as 100 − (b spiked / b solvent × 100). No significant
matrix effect was observed.

Analysis of real ash volcanic samples

To demonstrate the feasibility and applicability of the method
for the extraction and determination of nitro-PAHs and oxy-
PAHs in volcanic ashes, samples collected as described in
“Sampling and sample preparation”were analyzed. The results
are outlined in Table 5. Different contribution sources could
affect the presence of the PAH derivatives under study. Thus,
forest fires, contaminated air masses, as well as, local and
regional emissions, natural processes forming crude oil, bio-
synthesis by microorganisms, adsorption and photochemical
processes, temperature, vapor, and atmospheric pressures,
among others (Stracquadanio et al. 2003), might increase their
concentration levels in the environment. Additionally, Kozak
et al. (2017) determined a considerable increase in the

Fig. 5 Effect of sample mass on
the recovery (%) of the nitrated
and oxygenated PAHs.
Concentration of mixture PAH
derivative standard solution:
15 ng g−1; water volume: 7.5 mL;
acetone (dispersive solvent)
volume: 0.7 mL; n-hexane
(extracting solvent volume):
0.8 mL; vortex time: 1 min; cen-
trifugation: 5 min at 3500 rpm
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concentration of PAHs in the environment (from air and sur-
face water samples) that correlated with periods of volcanic
eruption and proposed that natural sources of emission are not
insignificant compared to anthropogenic emissions. However,
the concentrations of nitrated and oxygenated PAHs cannot
easily be predicted from the intensity of anthropogenic or
natural activity or easily related to those of PAHs because
emission source strengths of nitro-PAHs oxy-PAHs can be
different. In this sense, PAH derivatives have additional
sources which can be ascribed to different meteorological
and climatic conditions affecting its atmospheric formation
due to photochemical conversion or radical reactions.

In this particular study, the volcanic ash samples from
Puyehue (I), Copahue (II), and Calvuco (III) volcanoes
contained nitro-PAHs and oxy-PAHs at concentration
ranges from 3.48 to 15.90 ng g−1 and 1.89 to 20.66 ng g−1,
respectively. The nitro-PAHs: 2-NFLU and 3-NFLUANTH
were not detected in the volcanic ash of the Puyehue volca-
no. Additionally, 9-NANTHR was not detected either in
Puyehue nor in Copahue volcanoes and, compared to the
other compounds, exhibited the lowest concentration

(0.98 ng g−1) in the Calvuco volcano samples. This com-
pound was reported as highly photolysable in the atmo-
sphere (Albinet et al. 2007; Fujiwara et al. 2014), which
could explain the low levels found. On the other hand, for
the oxy-PAHs, 2-FLUCHO was detected and quantified in
variable concentrations, ranging from 1.89 to 13.97 ng g−1,
and 5,12-NAPHTONE and 9,10-ANTRHONE were the
most abundant compounds and exhibiting similar concen-
trations, in the range from 12.55 to 20.66 ng g−1.

In terms of comparison with existing reports on this
topic, no literature references have been found for the
presence of mentioned nitrated and oxygenated PAH
derivatives in volcanic ashes, which represent a signifi-
cant contribution and an important aspect linked to en-
vironmental monitoring. In summary, the presence of
nitro-PAHs and oxy-PAHs in volcanic ashes is reported
as well as an analytical tool for its determination at
trace levels. As mentioned, due to the lack of informa-
tion in this topic, further investigations are needed to
correlate its concentrations to the precursors or to estab-
lish comparisons among the pollutants.

Table 4 Analytical figures of
merit of the DSLME
methodology combined with
UHPLC-(+)APCI-MS/MS

Compounds r2 Linear range
(ng g−1)

LOD
(pg g−1)

LOQ
(pg g−1)

R
(%)

Intra-day
precision

Inter-day
precision

(RSD% n = 5)

nitro-PAHs

1-NPYR 0.996 0.07–100.0 24.1 73.1 97.8 1.2 2.9

2-NFLU 0.997 0.06–100.0 19.7 59.6 100 4.5 7.5

3-NFLUANTH 0.995 0.08–100.0 35.2 80.3 96.2 5.6 8.1

9-NANTHR 0.996 0.17–100.0 56.0 169.7 93.7 3.7 7.0

oxy-PAHs

5,12-NAPHTONE 0.994 0.07–100.0 23.2 70.4 98.5 1.4 3.5

9,10-ANTHRONE 0.989 0.09–100.0 29.6 89.8 98.9 2.8 4.6

2-FLUCHO 0.998 0.05–100.0 14.6 45.9 94.2 1.1 1.9

Table 5 Determination of
nitrated and oxygenated
derivatives of PAHs in volcanic
ash samples

Concentration measured in volcanic ash samples (ng g−1)a

Compounds (I) Puyehue (II) Copahue (III) Calvuco

1-NPYR 3.48 ± 0.90 8.30 ± 1.20 15.90 ± 0.24

2-NFLU (0.06)b 10.21 ± 0.35 8.04 ± 0.78

3-NFLUANTH (0.08)b 5.56 ± 0.33 11.90 ± 0.24

9-NANTHR (0.17)b (0.17)b 0.98 ± 0.15

5,12-NAPHTONE 12.55 ± 0.42 15.52 ± 0.60 18.34 ± 0.31

9,10-ANTHRONE 18.07 ± 0.06 16.39 ± 0.26 20.66 ± 0.81

2-FLUCHO 1.89 ± 0.25 8.53 ± 0.91 13.97 ± 0.67

aMean value ± standard deviation (n = 6) replicates
b Not detected (detection limit)
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Conclusions

This work constitutes the first evidence of the existence of
seven nitrated and oxygenated PAH compounds in volcanic
ash samples at concentration levels that might represent a
health risk for people’s health. For their determination, a novel
and efficient DSLME approach coupled to UHPLC-MS/MS
separation/detection was developed. The simple sample treat-
ment developed represents a new and simple contribution to
the liquid microextraction of solid samples. In this context,
many advantages such as excellent performance, simplicity,
stability, operability, low cost, speed, and minimum consump-
tion of organic solvents, agreeing with the current demands of
Green Chemistry, were attained.
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