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Abstract

In this work, a highly sensitive solid-phase-dispersive microextraction method was designed based on magnetic carbon nano-
composites as a magnetic solid-phase extraction sorbent coupled with dispersive liquid—liquid microextraction and two mis-
cible stripping solvents (MSPE-DLLME) followed by gas chromatography—mass spectrometry (GC—MS) for determination
of 16 polycyclic aromatic hydrocarbons (PAHs). By adopting this research methodology, a mixture of two miscible organic
solvents is used not only as stripping solvent for MSPE, but also as extraction and disperser solvents for DLLME procedure.
Several parameters such as amount of extraction adsorbent, type of stripping, extraction solvents and their volumes, salt
effect, and pH and volume of sample solution were optimized to obtain high extraction recoveries. Finally, 2 uL of extraction
phase was injected into GC-MS. Under optimal conditions, the method attained satisfactory precisions (RSD% < 8.66),
excellent limits of detection in the range of 0.1-0.5 ng kg™! at S/N = 3, and very high enrichment factors in the range of
28,187-33,149 for 500 mL sample solution of different PAHs. The calibration curves of 16 extracted PAHs were linear in
the range of 0.4—10,000 ng kg™~!, with coefficients of determination (+*) between 0.9989 and 0.9999. The optimized method
to determine 16 PAHs has been successfully applied in the real environment including waters, waste water, sewage, and soil.

Keywords Gas chromatography—mass spectrometry detector - Magnetic carbon nanocomposites - Magnetic solid-phase
extraction - Dispersive liquid-liquid microextraction - Polycyclic aromatic hydrocarbons

Introduction by biological chain, and they possess high mutagenicity and

carcinogenicity effects. Because of their destructive effects

Polycyclic aromatic hydrocarbons (PAHs) are hazardous
compounds; carcinogenesis has been reported for tri-, tetra-,
penta-, and hexa-cyclic compounds [1]. PAHs consisting of
two or more fused aromatic rings are present everywhere in
the environment. These compounds are produced by incom-
plete combustion of organic matters and after concentration
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such as oxidative stress and oxidative DNA damage through
metabolic activation and the generation of reactive oxygen
species, special attention has been paid to the monitoring of
PAHs as environmental pollutants.

The Environmental Protection Agency (EPA), 40 CFR
Part 136, guidelines establishing test procedures for the
analysis of pollutants under the clean water act has prom-
ulgated 16 PAHs as very important contaminants [2, 3].
Due to very low concentration levels and tracking their
wide distribution in complex environmental samples, the
development of pre-concentration methods and clean-
up procedures combined with very selective and sensi-
tive analysis techniques are necessary. Common methods
for the extraction and concentration of PAHs and simi-
lar compounds from real environmental samples are as
follows: liquid-liquid extraction (LLE) [4], solid-phase
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extraction (SPE) [1, 2, 5, 6], headspace solvent micro-
extraction (HSME) [7], magnetic solid-phase extraction
(MSPE) [8-11], homogeneous liquid-liquid microex-
traction [12], dispersive liquid—liquid microextraction
(DLLME) [13-15], liquid-phase microextraction methods
based on solidification of floating organic drop (SDME)
[16], ultrasound-assisted emulsification microextraction
(USAEME) [17], stirring bar sorptive extraction (SBSE)
[18, 19], solid-phase microextraction (SPME) [20], head-
space SPME [21], hollow fiber liquid-phase microextrac-
tion (HF-LPME) [22], headspace sorptive extraction [23],
and coupling methods such as solid-phase extraction com-
bined with DLLME [24] and magnetic solid-phase extrac-
tion coupled with DLLME [25].

Analysis of PAHs in various sample matrices is feasi-
ble after pre-concentration stage using high-performance
liquid chromatography—fluorescence (HPLC-FLD) [9,
26], ultraviolet (HPLC-UV) [6] or diode-array detectors
(HPLC-DAD) [10], gas chromatography—mass spectrometry
(GC-MYS) [13, 23, 27] or (GC-MS/MS) [28], gas chroma-
tography—flame ionization detector (GC-FID) [25], GC and
HPLC coupled to electrospray ionization mass spectrometry
(HPLC-ESI-MS), and ultra-performance liquid chromatog-
raphy—diode-array detector (UPLC-DAD) [10].

Two of the most efficient methods for separation of envi-
ronmental pollutants from water are MSPE and DLLME.
The separation of trace analytes from large volumes of
solution can take a lot of time using standard SPE column.
However, in MSPE procedure, magnetic adsorbents with a
large specific surface area added to the solution. The ana-
lytes are adsorbed on to the magnetic adsorbent and then
the adsorbent with adsorbed analytes is recovered from the
suspension using an appropriate magnetic separator easily.
The analytes are eluted from the adsorbent with an extract-
ing solvent. DLLME is a microextraction technique using
microliter volumes of the extraction solvent. This method
includes a binary mixture of the extraction and disperser sol-
vents, which are dispersed in aqueous media. The analytes
are extracted into the fine droplets of the extraction solvent
in microliter amounts.

For the first time in this study, a combined pretreatment
technique of MSPE and DLLME based on the use of mag-
netic carbon nanocomposites and two miscible organic
stripping solvents (MSPE-DLLME) was designed as the
ultra—pre-concentration method for 16 PAHs followed by
gas chromatography—mass spectrometry (GC-MS). In this
methodology, two miscible organic solvents act not only
as stripping solvent for MSPE, but also as extraction and
disperser solvents for DLLME procedure. The parameters
affecting the efficiency of the extraction method were stud-
ied and optimized. Finally, optimized method used to the
highly sensitive determination of PAHs in tap water, sea
water, waste water, sewage, and soil samples.
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Experimental
Chemicals and Instrumentation

Activated carbon and ferric nitrate Fe(NO;);-9H,0 for the
synthesis of magnetic carbon nanocomposites (MCNs)
were prepared from Merck (Darmstadt, Germany).
Calibration mixture of 16 PAHs’ standards dissolved
in acetonitrile and biphenyl (as internal standard) were
purchased from Supelco (Bellefonte, PA, USA). These
PAHs, include naphthalene (Nap), acenaphthylene (Acy),
acenaphthene (Ace), fluorene (F1), phenanthrene (Phe),
anthracene (Ant), fluoranthene (Flu), pyrene (Py), benz(a)
anthracene (BaA), chrysene (Chr), benzo(b)fluoranthene
(BbF), benzo(k)fluoranthene (BkF), benzo(a)pyrene
(BaP), indeno(1,2,3—cd) pyrene (IPy), dibenz(a,h)anthra-
cene (DahA), and benzo(ghi)perylene (BghiP). The con-
centration of each PAH in the mixture was 2000 mg L.
Stock solution of 10 mg L~! was prepared with HPLC
grade acetonitrile, and working standard solutions were
prepared daily with doubly distilled water. Toluene, ben-
zene, n-hexane, ethyl acetate, dichloromethane, acetoni-
trile, ethanol, methanol, acetone, and other solvents were
purchased from Merck (Darmstadt, Germany). All other
chemical materials used the highest purity too.

The laboratory apparatus used included a 35 kHz
ultrasonic water bath with temperature control (Bandelin
Sonorex Digital, Germany), a digital IKA vortex (MS3
basic), and an IKA shaker (Deutschland, Germany) for
stirring the sample solutions and a centrifuge from Par-
sia Ind. Group (Tehran, Iran) to separate the extractant
from the sample solution. A Nd-Fe-B strong magnet
(10cm X 5 cm X 4 cm, 1.47 T) was used for separation
of sorbent from water samples. The pH of solutions was
adjusted by a Metrohm 781 ion analyzer (Herisau Swit-
zerland) with a combined glass-calomel electrode. Twelve
milliliters home-made glass vials were used for extraction
procedures.

An FT-IR Spectrometer Bruker VERTEX 70, equipped
with a Globar source, a DGTS detector, was used to record
the IR spectra in the range of 500-4000 cm™~!.

GC-MS Analysis

Separation, determination, and identification of the target
analytes were performed using an Agilent 7890A gas chro-
matograph which was equipped with a 5975 mass selec-
tive detector (MSD, Agilent Technologies) and fitted with
Restek Rxi®-5MS fused-silica capillary column 5% Phe-
nyl Methyl Silox (60 m X 0.32 mm i.d. and 0.25 pm film
thickness). Carrier gas, helium (purity 99.999%), was set
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at a flow rate of 1.0 mL min~!. The injector operated in
the splitless mode with an injector temperature of 290 °C.
The temperature of oven set at 70 °C (for 2 min), follow-
ing an increased ramp of 20 °C min~! to 220 °C, and held
for 2 min, then to 295 °C at a rate of 5 °C min~"' for 8 min,
and the solvent delayed for 4 min, for a total run time of
34.5 min. The MSD operated in electron impact (EI) mode
at 70 eV with an ion source temperature of 230 °C. MSD
transfer line and quadruple temperatures were 290 and
150 °C, respectively. The samples and standard solutions
were injected (2 pL) into the GC-MS, after extraction.
For quantitative analysis, the MSD system was configured
in selective ion monitoring (SIM) mode. The target ion
determined by injection of PAHs standard under the same
program but in the scan conditions from 40 to 550 m/z.

Preparation and Characterization of Magnetic
Carbon Nanocomposite

In this work, activated carbon-based magnetic nanocompos-
ite with exploitable characteristics was prepared and used
as adsorbent for pre-concentration of PAHs from aqueous

Fig. 1 a TEM image of the pre-
pared MCNs, b VSM diagram
of MCNs, and ¢ FT-IR spectra
of the CNs (yellow) and MCNs
(violet)

samples. These magnetic carbon nanocomposites’ (MCNs)
adsorbent include commercially activated carbon and avail-
able magnetic iron oxide nanoparticles. In addition, they
were carefully characterized before checking their adsorp-
tion properties for the extraction and pre-concentration of
these compounds. The magnetic carbon nanocomposites
were prepared by the method already explained by Tajabadi
et al. [29]. Initially, activated carbon dispersed in concen-
trated nitric acid (65%) for 3—4 h and heated at 80 °C to
make it hydrophilic. Then, 1 g of the modified carbon was
added to 40 mL solution containing 8 g Fe(NO;);-9H,0
and sonicated for 45 min to adsorb the iron salt. Then, the
resulted mixture was filtrated dried, and then modified acti-
vated carbon heated at 750 °C for 3 h under N, atmosphere.
Figure la illustrates the existence of Fe;O, nanoparticles.
The magnetic hysteresis loop of MCNs is checked out by
a vibrating sample magnetometer (VSM) shown in Fig. 1b.
The report of magnetization (M) vs magnetic field (H) shows
very weak hysteresis by revealing that the resultant mag-
netic nanoparticles are approximately superparamagnetic
with a saturation magnetization (Ms) of 10.5 emu g~' at
room temperature. The presence of peaks at 585.78-636.95
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wavenumber cm ™! FT-IR spectrum of the MCNs compared
to CNs (Fig. 1c) well indicated that there are iron oxides
inside the synthesized nanoparticles [11, 29].

Pretreatment of Real Samples

The original water samples collected were stored in pre-
cleaned polyethylene bottles in a fridge at about 4 °C under
darkness condition. For preparation of soil samples, first,
the sample was air dried and homogenized. 30 g of sample
was weighed in a 200-mL beaker, and 50 mL of a proper
n-hexane/dichloromethane mixture was added. Then, the
sample was ultrasonically extracted for 3 min. The extract
was decanted into a centrifuge bottle and centrifuged to
remove particles. The extraction was repeated two or more
times with two additional 50 mL portions of the solvent.
After each ultrasonic extraction, the solvent was decanted.
After the final ultrasonic extraction, the sample was poured
into the Buchner funnel and rinsed with extraction solvent.
A vacuum was then applied to the filtration flask, and the
solvent extract was collected. Finally, the extracting solvent
evaporated by a stream of nitrogen gas and remaining ana-
lyte dissolves in approximately 2 mL acetone. This extract
sample was poured into a 500 mL flask and diluted to the
mark with HPLC grade water.

MSPE-DLLME Procedure

In the present study, efficient magnetic carbon nanocom-
posites used as sorbent for simple, rapid, and effective
microextraction of PAHs from environmental samples. To
achieve high extraction recoveries, the target analytes on the
adsorbent were eluted by two miscible stripping solvents,
and then, extraction solvent was separated in a liquid-liquid
dispersion process. The presence of toluene in acetonitrile
as two miscible stripping solvents led to the best elution of
PAHs. An aliquot of 500 mL of aqueous sample transferred
into a proper Erlenmeyer flask. Then, 25 mg of magnetic
carbon nanocomposite sorbent added into it and the resulted
mixture was completely shaken for 30 min. After that, a
Nd-Fe-B strong magnet (10 cm X 5 cm X 4 cm, 1.47 T)
was put at the bottom of the Erlenmeyer flask, and the mag-
netic carbon nanocomposites were collected from the solu-
tion. After about 3 min, the solution became smooth and
the top of clear solution was decanted. Then, the adsorbed
target analytes were eluted from the sorbent by two miscible
stripping solvents, including 1.5 mL acetonitrile contain-
ing 50 uL toluene and 1.0 mg L~! biphenyl, as an internal
standard, by 15 min sonication at 70 °C. Next, the solvent
mixture suddenly injected into 12 mL doubly distilled water.
In the test tube, a cloudy solution was formed and the mix-
tures were centrifuged for 8 min at 4000 rpm. Accordingly,
the extraction solvent droplet placed on the surface of the

@ Springer

solution because of its low density. Finally about 15 uL from
extraction solvent was raised into the capillary tube of the
glass vial, and then, this extraction phase was collected by
a 25-uL syringe and 2 pL from it was injected into GC-MS
instrument with a PAL system (CTC analytics, AG, Swit-
zerland) as an auto injector system.

Results and Discussion
Optimization of MSPE-DLLME Parameters

In addition to the MSPE parameters such as type and volume
of solvents that contained stripping and extraction solvents
for DLLME, the pH of initial sample solution, extraction
time, amount of magnetic sorbent and break through vol-
ume, elution condition, salt effect, and time of centrifugation
in liquid-liquid dispersion process were also investigated
and optimized in aqueous samples. All optimization experi-
ments were performed on GC-MS.

Effect of Stripping and Extraction Solvents

In this work, two miscible stripping solvents (disperser and
extraction solvents used in DLLME process) were used for
elution of PAHs from magnetic carbon nanocomposites, and
then, the extraction solvent containing concentrated target
analytes was separated from disperser solvent (acetonitrile)
by DLLME method. Both of these solvents should be able
for elution, but the main elution solvent is the extraction
solvent for DLLME in microliter volume and other solvent
was used to increase the contact area. The disperser part of
stripping solvents in the first stage of the extraction proce-
dure (MSPE) plays two roles, the main role of disperser part
is extraction solvent dispersion between particles of mag-
netic carbon nanocomposites to increase contact on the one
hand, and also achieving higher solubility in water, so that
it can be separated from extraction solvent by liquid—liquid
dispersion process on the other hand. Finally, it should have
extraction ability of the PAHs (in MSPE) and be miscible
with organic solvent, so that it plays the role of disperser sol-
vent in DLLME process, as well. For this purpose, methanol,
ethanol, acetone, and acetonitrile were investigated. Acetoni-
trile indicated the highest extraction efficiency, and thus, it
was selected as the disperser part of stripping solvent for the
subsequent experiments due to its good elution ability and
forming a proper cloudy solution in liquid-liquid dispersive
step. Figure 2 shows the peak area of the extracted analytes
for each solvent.

The use of acetonitrile (ACN) compared to other organic
solvents as striping solvent not only improved the extraction
efficiency but also provided the need for a lower volume
of organic solvents. Suitable extraction solvent is also very
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Fig.2 Effects of type of disperser solvent on the extraction effi-
ciency of PAHs. Conditions: for extraction; disperser solvent volume,
1.5 mL; organic extraction solvent, 50 uL; amount of MCNs, 25 mg;

important, it must possess low water solubility, the ability
for elution of the PAHs from sorbent, and also compatibility
with the analytical instruments to be used. Due to the struc-
ture of PAHs, different types of extraction solvents, lighter
and heavier than water, have been reported for use in the
DLLME procedure [17, 19, 30, 31]. In this work, among the
most common organic solvents, a number of solvents with
higher and lower density from water were examined on the
basis of the extraction capability of the analytes of interest
and also proper gas chromatography behavior. Thus, the next
step investigated the behavior of the mixture of acetonitrile
with some miscible organic solvents including tetrachlo-
roethylene (density 1.62 g mL™"), chlorobenzene (density
1.11 g mL™"), 1-octanol (density 0.82 g mL™"), n-hexane
(density 0.659 g mL™"), and toluene (density 0.86 g mL™")
as stripping solvents. As can be seen in Fig. 3, the mix-
ture of acetonitrile with toluene revealed the best extraction
efficiency. Therefore, this mixture was selected as stripping
solvents, and also disperser and extraction solvents for the
next DLLME step.

Effect of Volume of Stripping Solvents
To optimize the volume of extraction solvent, other experi-

ments were performed using 1.5 mL ACN (stripping solvent)
and different volumes of toluene (30.0, 40.0, 50.0, 60.0, and

sample solution volume, 500 mL; for elution; sonication time 15 min
at 70 °C; centrifuge time, 8 min at 4000 rpm

70.0 uL). The results exhibited a dramatic increase in extrac-
tion efficiencies with the increasing volume of the extraction
solvent to 50 puL. Due to the dilution effect, however, the
peak area of PAHs in the extraction solvent was reduced
by increasing the volume of the organic phase. To achieve
more reproducible and easier collection, a volume of 50 uLL
of toluene was chosen as the optimum volume. For opti-
mized volume of disperser solvent, other experiments were
performed using various volumes of ACN (0.5, 1.0, 1.5, and
2.0 mL). Finally, based on the results obtained, 1.5 mL of
ACN was selected as volume of disperser solvent.

Effect of the Desorption Conditions

For this purpose, the sorbent was eluted by a mixture of
1.5 mL ACN and 50 pL toluene by two methods (i.e., vortex
and sonication at 10 min), in which the eluting of sorbent by
sonication was found to be superior over vortex method. In
the next step, the time and temperature of sonication were
optimized. Temperature was expected to have a measur-
able effect on the distribution coefficient, desorption factor,
and the mass transfer of the components. To optimize the
temperature of sample solution during the elution process,
the ultrasonic water bath was switched on at maximum
frequency and power at various temperatures from 30 to
80 °C. The results showed the best extraction efficiency at
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Fig.3 Effects of type of stripping solvent on the extraction effi-
ciency of PAHs. Conditions: for extraction; disperser solvent volume,
1.5 mL; organic extraction solvent, 50 uL; amount of MCNs, 25 mg;

70 °C. The desorption time was also tested from 5 to 20 min.
Finally, the results clearly showed that the best elution of
sorbents by the binary solvent mixture occurred in 15 min
sonication at 70 °C producing better extraction efficiencies.

Effect of Sample Solution pH

The pH of sample solution was adjusted from 2.0 to 10.0,
to investigate the effect of pH on the extraction recover-
ies. However, no significant change was observed in the
results. Thus, there was no need to pH control in the future
experiments.

Effect of the Breakthrough Volume

To analyze the ultra-traces of pollutant materials and to get
satisfactory recoveries for analytes, the use of high volume
sample solution is necessary; since the MCNs adsorbents
are separated by magnets, it was possible to collect the sorb-
ent from larger volumes of the sample solution. Five differ-
ent volumes (200, 300, 400, 500, and 600 mL) of aqueous
samples were investigated three times for the breakthrough
volume, each one being spiked with 200 ng of individual
PAHs. It was found that the best pre-concentration factors
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sample solution volume, 500 mL; for elution; sonication time 15 min
at 70 °C; centrifuge time, 8 min at 4000 rpm

can be obtained when the sample volumes were 500 mL (see
Fig. 4). Thus, this volume was selected for further studies.

Effect of Amount of Adsorbent

Different amounts of magnetic carbon nanocomposite
(MCNs) from 10 to 30 mg were added to 500 mL solution
of PAHs (2 ug L™'). As a result of increase in surface of
sorbent for adsorbing analytes, the recoveries were found
to improve by increasing the amount of the adsorbent
from 10 to 25 mg, due to expected increasing extraction
recoveries. However, a further increase in amount of sorb-
ent amount found to decrease the recoveries because of
insufficient elution of sorbent with the stripping solvents.
Therefore, 25 mg was chosen as the optimized mass of the
sorbent for further studies.

Effect of Extraction Time in MSPE

To determine the effect of extraction time on the PAHS’
adsorption from 500 mL sample solution, different contact
time (10, 15, 20, 25, 30, and 35 min) were examined. The
recoveries reached to maximum at 30 min. Due to the high
volume and low mass absorbent, the choice of this time is
inevitable. Then, 30 min was selected as the optimal time.
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Fig.4 Effect of sample volume on the extraction efficiency of PAHs.
Conditions: 200 ng of individual PAHs in each sample volume; dis-
perser solvent (ACN) volume, 1.5 mL; organic extraction solvent

Salt Effect in DLLME

In this work, the aim of controlling ionic strength is a
better insulation of extraction solvent and preventing the
analytes in aqueous phase. The extraction efficiency of
PAHs was not changed by salt addition; this effect was
evaluated by increasing NaCl concentrations in the range
of 0-30% (w/v) in sample solution. On the other hand,
increasing the salt concentration decreased the amount
of collected solvent. Therefore, this extraction procedure
was carried out without any addition of salt.

Effect of Extraction Time and Centrifugation Speed
in DLLME

Final step of the MSPE-DLLME procedure shows the
extraction solvent dispersion in the aqueous phase and the
formation of the cloudy phase. In this sense, at highest
speed of centrifuge (4000 rpm), the efficiency of method
was examined at different times. However, the extraction
time did not affect the performance of the method, and,
therefore, a practical time of 8 min was selected.
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(toluene) volume, 50 puL; amount of MCNs, 25 mg; elution condition,
15 min sonication at 70 °C; 8 min centrifuge at 4000 rpm

Analytical Performance of MSPE-DLLME

The analytical characteristics of the presented method, i.e.,
linear dynamic range (LDR) limits of detection (LOD), limits
of quantification (LOQ), pre-concentration factor (PF), and
relative standard deviation (RSD) for all PAHs studied were
obtained in aqueous samples under optimized conditions, and
the results have been summarized in Table 1. This table also
includes the corresponding quantification and identification
ions (m/z values) of the 16 PAHs. To evaluate the linearity of
the method, 10 spiking level of 16 PAHs in the concentration
range of 0.1-10,000 ng kg~! were used and LDRs in the range
of 0.4-10,000 ng kg~! were obtained for water samples. The
LODs for all PAHs were practically evaluated based on a sig-
nal-to-noise ratio of 3, being in the range of 0.1-0.3 ng kg ™.
At 400 and 2000 ng kg~! levels, the intra-day and inter-day
precisions were investigated by five replicate extractions. All
RSDs% obtained were in the satisfactory range of 0.46-9.07%.
The pre-concentration factors (PFs) which calculated based
on Eq. 1 were found to be quite high, between 28, 187 and
33, 149:

PF =Cex,ﬁna1/ Cd,initial (1)
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Table 2 Comparison of the proposed method with other methods applied for the extraction and determination of PAHs in environmental samples

Extraction Detection No. PAHs LOD LDR LOQ PF Matrix sample Year References
method system (ng kg™h (ng kg™ (ng kg™h
SPME GC-FID 16 30-590 100-100,000 100 - Water samples 2000 [20]
HSME GC-FID 7 4000-41,000  20,000- 10,000- 9-159 Water samples 2003 [7]
240,000 80,000
DLLME GC-FID 7 7-30 20-200,000 20-50 603-1113 Water samples 2006 [30]
USAEME GC-FID 10 20-50 50-100,000 50-70 17762714 Water samples 2009 [17]
LD-DLLME  GC-MS 7 3.7-39.1 50-50,000 50 - Water samples 2011 [29]
MDMSPME HPLC-DAD 4 50-580 - 50 18.543.5 Water samples 2014 [10]
MSPE- GC-FID 5 2-4 10-50,000 10 5519-6271 Sea water 2014 [25]
DLLME samples
MCNs— GC-MS 16 0.1-0.5 0.4-10,000 0.4-0.8 28,187— Water, waste  — This work
MSPE- 33,149 water, sea
DLLME water, sew-
age, soil

SPME solid-phase microextraction, HSME head space solvent microextraction, DLLME dispersive liquid-liquid microextraction, USAEME
ultrasound-assisted emulsification microextraction, LD-DLLME low-density solvent-based solvent emulsification liquid—liquid microextraction,
MDMSPME magnetic nanoparticles-nylon 6 composite for the dispersive micro solid-phase extraction, MSPE-DLLME magnetic Au@MCM-41

coupled to dispersive liquid—liquid microextraction

where C,, g, 18 the final concentration of the analyte in the
extractionsolution, and Cg ;.1 is the initial analyte concen-
tration in the donor phase.

Comparison of MSPE-DLLME with Other Methods

The essential analytical characteristics of the method were
compared with the previous techniques for determination
of PAHs in environmental samples, based on solid-phase
microextraction [20], head space solvent microextrac-
tion [7], dispersive liquid-liquid microextraction [30],
and other methods [10, 17, 25, 29]; the results are shown
in Table 2. As is obvious, RSDs are better or comparable
with those of other studies, while the PFs reported here are
much larger than the previously reported ones. Then, this
MSPE-DLLME/GC-MS is a sensitive method for the pre-
concentration and determination of PAHs from environmen-
tal water and soil samples. Furthermore, the number and
variety of investigated real samples in this study are more
than those in the previous works.

Analysis of Real Samples
Analysis of Environmental Water Samples

To verify the performance of the method, four aqueous sam-
ples including tap water sample from Karaj (Iran), indus-
trial waste water from Tehran (Iran), sea water from Anzali
(Iran), and mud river water from Karoon river, Ahvaz (Iran)
were collected and analyzed through the procedure described
in “Pretreatment of real samples”. The results showed that
tap water was free from PAHs, but some of PAHs were

detected in other water samples (see Table 3). To check the
method recovery, the water samples were spiked with the
PAHSs contaminant at two various concentrations (i.e., 80
and 400 ng kg™"). The relative recoveries (RR%) and relative
standard deviation (RSD%) of analytes were in the range of
74.8-102.6 and 0.7-12.8%, as shown in Table 3. It is obvi-
ous that this method is applicable to any type (salty and
sweet) of water and waste water samples. Figure 5a shows
the chromatograms obtained for industrial waste water blank
and spiked of 400 ng kg~! for each of PAHs.

Analysis of Soil Samples

The extraction protocol is optimized for liquid samples, to
evaluate the efficiency of the method for soil samples, it is
necessary that the soil sample is first prepared and target
analytes is transferred to the aqueous solution. The analytical
characteristics listed in Table 1 are not applicable to non-
aqueous samples. A soil sample collected from Oil Region-
Ahvaz (Iran) and pretreatment was performed according to
USEPA Method 3550B (USEPA, 1996a) [32] with some
modifications. Pretreatment of the soil sample based on
“Pretreatment of real samples” and the process was con-
tinued as described in “MSPE-DLLME procedure”. The
soil samples were spiked with the PAHs standard solutions
at two concentration levels (80 and 400 ng kg™!) to assess
matrix effects. The RR% and RSD% of analytes were in the
range of 62.3-104.3 and 1.3-16.9%, respectively; Fig. 5b
shows the chromatograms obtained for soil blank and spiked
of 400 ng kg~! for each of PAHs and as shown in Table 3.
It is obvious that this method is applicable to complex envi-
ronmental samples.
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Fig.5 Chromatograms of waste water and spiked waste water, with
400 ng kg~! of each PAH obtained by MSPE-DLLME/GC-MS
method. Extraction conditions: extraction solvent (toluene) volume,

Conclusions

In the present method, for the first time, a highly sensitive
solid-phase-dispersive microextraction method based on
magnetic carbon nanocomposites coupled with dispersive
liquid-liquid microextraction and two miscible stripping
solvents (MSPE-DLLME) followed by gas chromatog-
raphy—mass spectrometry (GC-MS) was developed to
the extraction and determination of ultra-trace amounts
of 16 PAHs in real environmental samples including tap
water, sea water, waste water, sewage, and soil samples.
The method provided wide linear ranges, low limits of

20000

2200 2400 26,00 28000 30000 32000

50 uL; disperser solvent (ACN) volume, 1.5 mL; sample solution vol-
ume, 500 mL; amount of MCNs, 25 mg; elution condition, 15 min
sonication at 70 °C; 8 min centrifuge at 4000 rpm

detection, good precisions, and very high pre-concentra-
tion factors for the analysis of environmental samples.
Altogether, this combined MSPE-DLLME method is an
excellent extraction and determination method for the
ultra-trace amounts of PAHs in complex environmental
samples, as it is very sensitive, low expensive, effective,
and eco-friendly analytical method.
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