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a b s t r a c t 

In this study, SBA-15 mesoporous silica has been investigated as sorbent phase for the extraction and determi- 
nation of 10 polycyclic aromatic hydrocarbons (PAHs) in environmental water samples for the first time. The 
extraction step was performed through a dispersive-μ-solid-phase extraction (D-μ-SPE) followed by gas chro- 
matography coupled to mass spectrometry (GC-MS). In particular, the surface of SBA-15 was chemically bonded 
to different functional groups (aminopropyl, phenyl, octyl and octadecyl), and the extraction efficiency of each 
sorbent phase was investigated. The sorbent phase was synthesized and characterized by transmission electron 
microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), N 2 sorption analysis (Brunauer–Emmett–
Teller), and thermogravimetric analysis (TGA). The optimized extraction conditions consisted of using 2 mg of 
the sorbent SBA-15/C8, 2 mL of sample, 2 min of vortex, 4 min of stirring in orbital shaker and 1 min of cen- 
trifugation; the desorption step was performed with 25 μL of ACN:acetone (50:50 v/v), vortex for 2 min, 8 min 
of stirring in orbital shaker and 3 min of centrifugation. The proposed method was validated, with determination 
coefficients higher than 0.99 for all analytes; LODs and LOQs ranged from 0.15 to 3.03 𝜇g L − 1 and from 0.5 to 
10.0 𝜇g L − 1 , respectively; intraday precision ranged from 2.6 to 12.1%; interday precision varied from 4.5 to 
25.3%; and accuracy ranged from 92.0 to 112.3 %. This methodology was successfully applied for the analysis of 
eight groundwater samples from monitoring wells of gas stations in São Paulo. Moreover, according to AGREEp- 
rep metrics, the proposed method can be considered sustainable according to the concepts of green analytical 
chemistry. 
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. Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are a group of organic
ipophilic compounds consisting of two or more aromatic rings. They
re formed during the incomplete combustion of fossil fuels, tobacco,
nd other organic materials. PAHs can be found in soil, air, water, and
ood, consisting of persistent and long-lasting compounds [1] . They have
ained global attention due to their persistence, high toxicity, mutagenic
nd carcinogenic properties, and their ability to accumulate in the envi-
onment, causing negative impacts on both the environment and human
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E-mail address: josias@ufcspa.edu.br (J. Merib) . 

ttps://doi.org/10.1016/j.sampre.2023.100070 
eceived 25 March 2023; Received in revised form 5 May 2023; Accepted 9 May 202
772-5820/© 2023 The Authors. Published by Elsevier B.V. This is an open access ar
 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
ealth. In particular, the aquatic environment has been greatly affected
y the presence of PAHs [2] . 

Because PAHs are poorly soluble in water, they are present in
queous matrices generally at trace amounts. Therefore, efficient pre-
oncentration methods are required prior to their analysis. Classical
ample preparation techniques such as solid-phase extraction (SPE)
nd liquid-liquid extraction (LLE) have been commonly used. However,
hese techniques involve multi-step and time-consuming procedures,
hich require large amounts of hazardous solvents. These factors raise

oncerns about the safety of workers and environment. More recently,
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everal novel techniques have been developed to address these issues by
educing solvent volumes, sorbent amount, and sample size. Notably,
umerous configurations based on microextraction techniques includ-
ng solid-phase microextraction and liquid-liquid microextraction have
een developed for this purpose [ 3 , 4 ]. 

Dispersive micro-solid phase extraction (D-μ-SPE) is a miniaturized
ample preparation technique in which a sorbent is dispersed in the sam-
le solution through different methods such as sonication, stirring, vor-
exing, or shaking, permitting rapid and uniform interaction between
he sorbent and analytes. The sorbent is isolated from the sample so-
ution through filtration or centrifugation, and the analytes are eluted
nto a small volume of solvent before the analysis. D-μ-SPE offers ad-
antages such as low solvent consumption, simplicity of operation, and
igh analyte recovery [5] . 

Nanostructured sorbents with high surface area can offer higher ad-
orption capacity than microscale materials, thereby improving the effi-
iency and selectivity of microextraction techniques. The development
f novel sorbents is having a great impact on these techniques not only
n terms of extraction efficiency and selectivity, but also enhancing the
hemical or physical stability of these materials [6] . 

Among various nanomaterials, inorganic support comprised of meso-
orous silica has been receiving a lot of attention in recent years. Santa
arbara Amorphous type 15 (SBA-15), for example, is a two-dimensional
esoporous silica discovered by Zhao and coworkers at the University

f California, Santa Barbara [7] . SBA-15 is a unique silica due to its
ell-ordered hexagonal mesoporous structure with tunable large uni-

orm pore sizes (up to 300 Å), high surface area (up to 1000 m 

2 g − 1 ),
hick uniform silica walls, significant thermal stability, and ability to
e functionalized [ 7 , 8 ]. The open pore structure of ordered mesoporous
aterials allows for better accessibility and more efficient diffusion of

ompounds compared to the pores of non-ordered materials, which may
inder molecular diffusion and access to functional groups [9] . 

This material has been applied in various analytical techniques in-
luding Solid-phase microextraction (SPME) and Solid-phase extraction
SPE). SBA-15 and functionalized SBA-15 have been shown to be very
fficient in the extraction and preconcentration of various analytes from
atrices such as water, food and biological samples [ 10 , 11 ]. The func-

ionalization of mesoporous silica, in which functional groups are at-
ached to the surface of the material, can greatly alter its physical and
hemical properties. This has led to an intensive investigation of surface
unctionalization, as it has the potential to significantly improve the per-
ormance of mesoporous silica in a variety of applications [ 8 , 12 , 13 ]. The
se of functionalized SBA-15 as sorbent in D-μ-SPE can lead to enhanced
ensitivity and selectivity in the determination of PAHs. The high sur-
ace area and uniform pore size distribution of SBA-15 provide a large
urface area for analyte adsorption, while the functional groups on the
ilica surface can effectively interact with the target analytes. 

This study aimed at proposing a novel and environmentally friendly
nalytical methodology to determine PAHs in water samples. This
pproach involved the synthesis, characterization, and application of
unctionalized SBA-15 as extraction phase for D-μ-SPE. The separa-
ion/detection was performed by gas chromatography mass spectrome-
ry (GC/ -MS). In particular, sorbent phases comprised of SBA-15 func-
ionalized with aminopropyl, phenyl, C8, and C18 were evaluated. The
xperimental conditions were fully optimized through multivariate and
ne-variable-at-a-time strategies and SBA-15/C8 was used for the vali-
ation. Additionally, the greenness of the analytical methodology was
ssessed through the recently proposed AGREEprep metrics. 

. Experimental 

.1. Reagents and materials 

Analytical standard of PAH mix solution containing Naphthalene
Nap); 1-methylnaphthalene (1-met), 2-methylnaphthalene (2-met),
2 
cenaphthylene (Ace), Acenaphthene (Acet), Fluorene (Flu), Phenan-
hrene (Phe), Anthracene (Ant), Fluoranthene (Flt) and Pyrene (Pyr) at
 concentration of 2000 mg L − 1 in acetone, and Internal standard (IS) of
-fluorobiphenyl at a concentration of 1000 mg L − 1 were obtained from
igma-Aldrich (Milwaukee, USA). Stock solutions of the analytes were
repared by appropriate dilution of analytical standards in acetonitrile.
S solution was prepared by dilution in acetonitrile from Merck (Darm-
tadt, Germany) at 50 μg L − 1 . All solutions were stored at -20°C. Water
as purified in a Milli-Q purification system (Millipore, Bedford, USA).

The reagents used for the synthetic procedures were tetraethyl
rthosilicate (TEOS), hydrochloric acid 37% (HCl), triblock copolymer
Pluronic® P123), anhydrous toluene, (3-Aminopropyl)triethoxysilane
APTES), phenyltrimethoxysilane (PhTMS), triethoxyoctylsilane
C8TES) and trimethoxy(octadecyl)silane (C18TMS) from Sigma-
ldrich (Milwaukee, USA), and anhydrous ethanol from Merck

Darmstadt, Germany). 

.2. Synthesis of the sorbent phases 

The synthesis of the SBA-15 material was performed as described
y Oliveira et al. [14] . Firstly, the triblock copolymer Pluronic® P123
as dissolved in a round bottom flask with HCl solution (1.6 mol L − 1 ).
he mixture was then heated to 40°C with stirring and TEOS was added
ropwise. The system was stirred at 40°C for 24 h. Next, it was kept in
 Teflon autoclave at 100°C for another 24 h. The white solid obtained
as filtered, washed with ultrapure water and dried at 80°C for 8 h.
hen, the material (SBA-15) was calcined at 550°C for 6 h (heating rate
f 10°C min − 1 ) to remove P123 and cleaning the pores. 

SBA-15 was functionalized with four different functional groups:
minopropyl (AP), phenyl (Ph), octyl (C8), and octadecyl (C18). For
rafting, 1 g of SBA-15 was dispersed in 60 mL of toluene in a round
ottom flask. Then, 10 mmol of the respective organosilane was added
o this mixture and stirred at 80°C for 6 h. Subsequently, the samples
ere centrifuged (5 min, 3500 rpm) and the supernatant was discarded.
hen, the samples were first washed with 30 mL of toluene, centrifuged
5 min, 3500 rpm), and the supernatant was discarded. Next, the sam-
les were washed twice with 30 mL ethanol, centrifuged (5 min, 3500
pm) in each step, and filtered. They were then dried at 70°C for at least
4 h for solvent removal [15] . 

.3. Characterization 

The sorbent phases synthesized in this study were subjected to proper
haracterization to evaluate some important properties. Transmission
lectron microscopy (TEM) was used to assess the mesostructure and
ore arrangement in a JEM-1011 microscope (JEOL) operating at an
cceleration voltage of 100 kV. For sample preparation, SBA-15 powder
as dispersed on isopropanol and one drop was added on a carbon-

oated copper grid. 
Sorption analysis was performed on Micromeritics equipment (Tris-

ar Krypton 3020). Samples were previously degassed under vacuum
t 120 °C for 12 h. Specific surface area was determined by a mul-
ipoint BET (Brunauer-Emmett-Teller) method using adsorption data.
ore volume and pore size distribution were calculated using desorp-
ion branches of nitrogen isotherms according to BJH (Barrett-Joyner-
alenda). 

Structural information was obtained by Fourier transform infrared
pectroscopy (FTIR) using an IR PRESTIGE21 (Shimadzu). Spectra of
he silica materials were obtained in the wavenumber range of 4000-
00 cm 

− 1 with 32 cumulative scans and a maximum resolution of 2
m 

− 1 . Additionally, thermogravimetric Analysis (TGA) was performed
sing a thermoanalyser (Shimadzu Instrument model TGA-50, Kyoto,
apan), with a heating rate of 20°C min − 1 in a 50 mL min − 1 argon flow,
rom room temperature up to 900°C. 
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.4. Instrumental conditions 

The chromatographic analysis was performed using a GC-MS-QP
010 Plus gas chromatograph coupled to mass spectrometry (Shimadzu,
yoto, Japan) and autosampler model AOC-20i (Shimadzu, Kyoto,
apan). Chromatographic separation was carried out in a NST capil-
ary column (NST, São Carlos, Brazil), model NST®-5MS (30 m × 0.25
m × 0.25 𝜇m film thickness). Ultrapure helium at constant flow of 1.5
L min − 1 was used as carrier gas. The injection temperature was set

t 280°C and the initial oven temperature was set at 70°C, then it was
ncreased to 180°C at a rate of 25°C min − 1 and increased to 280°C (kept
or 5.6 min) at a rate of 5°C min − 1 . Automated injection was performed
ith a volume of 1 𝜇L and a split ratio of 2 was employed. The mass

pectrometer was operated in electron ionization (EI) mode at 70 eV.
he ion source temperature and interface were set at 200°C and 280°C,
espectively. The analytes were quantified using selected ion monitor-
ng mode (SIM) with the m/z ratio of highest intensity. The retention
ime, some physicochemical properties of the analytes, and the m/z ra-
ios monitored for identification and quantification are shown in Table
1 of the Supplementary Material. 

.5. Optimization of the sample preparation procedure 

In order to ensure the best experimental conditions, the parameters
hat could affect the extraction efficiency of the target compounds were
nvestigated using univariate and multivariate strategies. In all steps,
he analytical data was submitted to statistical treatment using Statsoft
tatistica 10 (Statsoft, USA) and Microsoft Excel 2016 (Microsoft, USA).
his evaluation involved extractions of the compounds from blank water
amples spiked with 500 μg L − 1 of each analyte. The optimizations were
mployed in the following order: 

(I) Initial evaluation of the sorbent type – In this step, the sorbent
materials SBA-15, SBA-15/C8, SBA-15/C18, SBA-15/Ph and SBA-
15/AP were evaluated in terms of extraction efficiency of PAHs
through a univariate approach. 

(II) Screening of the extraction variables – This optimization was as-
sessed trough a multivariate full factorial design (2 4 ) using the
variables mass of the sorbent phase, sample volume, extraction
time and centrifugation time; 

(III) Optimization of the desorption solvent - The best desorption
solvent was determined using a simplex centroid design using
methanol, acetonitrile and acetone; 

(IV) Optimization of desorption variables – In this case, desorption
time (using orbital shaker) and centrifugation time were studied
through a Doehlert design. 

.6. Method validation 

The method was validated according to AOAC International guide-
ines [16] . The analytical figures of merit were determined from external
alibration curves of each compound with analyzes performed in trip-
icate. The coefficients of determination (r 2 ) were calculated based on
he calibration curves tested for homoscedasticity. Limit of quantifica-
ion (LOQ) was adopted as the first concentration of the linear range,
nd limit of detection (LOD) was obtained by dividing LOQ by 3.3. Limit
f quantification (LOQ) for each analyte was experimentally determined
hrough triplicate extractions, with coefficients of variation ≤ 20% being
onsidered satisfactory. 

Relative recovery (accuracy) and intraday and interday precisions
ere evaluated at 3 concentrations for each analyte. Intraday precision
as determined through three extractions in the same day (n = 3), and

nterday precision was determined by performing three extractions per
ay in three different days (n = 9). The applicability of the method was
valuated by performing extractions in groundwater samples obtained
rom monitoring wells of gas stations in São Paulo, Brazil. 
3 
. Results and discussion 

.1. Characterization of the sorbents 

The mesostructure of SBA-15 was assessed by TEM and the obtained
mages are presented in Fig. 1 (A and B). The typical hexagonal arrange-
ent of mesopores can be clearly seen, as well as the long and uniform
anochannels, confirming the successful synthesis of SBA-15. Soon after,
BA-15 was functionalized by grafting reaction with different organosi-
anes, aiming to incorporate functional groups with distinct chemical
eactivity onto silica surface. TGA was employed to evaluate the func-
ionalization of SBA-15, as well as to obtain information regarding the
mount and thermal stability of the functional groups that were grafted
nto the material. The thermograms obtained can be found in the Sup-
lementary Material Fig. S1. The first weight loss of all sorbents, from
 to 150°C, and it is attributed to water desorption. The second region
as observed between 150 and 900 °C, where dehydroxylation reac-

ions of silica occur by condensation of silanol groups [14] , common
o all sorbents. The organic decomposition occurs in this same region,
here a greater mass loss was observed for all organofunctionalized

ilicas in comparison with SBA-15, indicating the incorporation of an
rganic moiety. It is notable that SBA-15/AP exhibit the highest organic
ontent compared to the other functionalized sorbents. The SBA-15/AP
orbent had an incorporated organic content of 1.39 mmol/g, whereas
he SBA-15/C8, SBA-15/C18, and SBA-15/Ph sorbents had incorporated
rganic contents of 0.09 mmol/g, 0.17 mmol/g, and 0.80 mmol/g, re-
pectively. The differences in the incorporated organic content were ex-
ected and they are mainly related to the chemical nature of organosi-
anes, which interacts differently in the interface between silica surface
silanol groups, polar) and organic solvent (toluene, nonpolar). The hy-
rophobic organosilanes are more homogeneously distributed through
he solvent; then, the grafting reaction occurs as a monolayer on silica
urface. For APTES, due to its higher polarity, it tends to concentrate
nto silica surface, which increases the incorporated organic content
n the material [15] . Moreover, two other factors might be also taking
lace in some extent: the higher reactivity of methoxysilane groups ver-

us ethoxysilane (Ph and C18 in comparison with C8 precursors); and
he SBA-15 nanochannels of approximately 6 nm in diameter which can
imit the diffusion of long chain molecules through the porous structure
Ph in comparison with C18 precursor). 

Fig. 1 (C and D) shows the FTIR analysis of the sorbents. The spec-
ra were splitted in two main regions for a better view. In the first re-
ion, which is depicted in Fig. 1 C, a broad band arises with a maximum
round 3200 cm 

− 1 . This band is due to O-H stretching of the bridged
ilanol groups on the silica surface, as well as due to adsorbed water
16] . The SBA-15/AP, SBA-15/C8 and SBA-15/C18 sorbents exhibit the
H 2 asymmetric stretching band at 2930 cm 

− 1 from the linear CH 2 
hain [17] . For the SBA-15/C18, which contains the longer chain, even
he symmetric CH 2 stretching band can be detected at 2860 cm 

− 1 [17] .
he SBA-15/Ph spectrum presents C-H stretching modes of the aromatic
ing around 3070 cm 

− 1 [17] . The spectra of all functionalized sorbents
resent the asymmetric stretching of CH 3 group at 2980 cm 

− 1 [17] and
he occurrence of this band was interpreted considering a fraction of
nreacted methoxy groups from the organosilane reactants. In the sec-
nd region, which is shown in Fig. 1 D, the silica part can be clearly
dentified in all spectra. Strong Si-O stretching modes appear from 1200
o 1000 cm 

− 1 , with a maximum at 1080 cm 

− 1 [18] . The band at 960
m 

− 1 is due to the Si-OH stretching, confirming the presence of remain-
ng silanol groups on the surface of the functionalized sorbents [18] .
his band presents lower intensity for SBA-15/AP, indicating that for
his sorbent the reaction occurred with a greater extension, resulting
n a large degree of functionalization. These results are in accordance
ith TGA that shows a higher organic content. Also, the O-Si-O and Si-
-Si bending bands are clearly seen at 803 and 460 cm 

− 1 , respectively
18] . In the spectrum of the SBA-15/Ph sorbent ( Fig. 1 D), the aromatic
roup can be also detected from the out-of-plane bands of the aromatic
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Fig. 1. Transmission Electron Microscopy of SBA-15 (A and B), and FTIR of the sorbent phases (C and D) 

Fig. 2. Nitrogen adsorption and desorption isotherms (A) and pore size distribution of the sorbent phases (B). 
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ing that appear between 750 and 700 cm 

− 1 [17] . Therefore, from the
nfrared spectra and TGA analysis it is possible to infer that the synthe-
is of SBA-15 and its functionalization with different functional groups
ere successfully attained. 

In order to evaluate the porous structure of the SBA-15 before and
fter functionalization, N 2 adsorption-desorption isotherms and BJH
ore distribution curves of the materials are shown in Fig. 2 . Type IV
sotherms ( Fig. 2 A) are observed for all materials, with parallel curves
ypical of H1 hysteresis [17] . In general, the H1 hysteresis loop repre-
ents a steep adsorption step indicative of capillary condensation in the
ores of mesoporous silica, with the isotherm exhibiting a sharp inflec-
ion at a relative pressure P/P 0 of 0.5-0.8. This feature is characteristic
4 
f pores with cylindrical shape and uniform size [ 17 , 18 ]. In the analy-
is of BJH pore size distributions ( Fig. 2 B), SBA-15 exhibits a unimodal
urve distribution with maximum at 6.8 nm. A decrease in pore size was
bserved for all sorbents compared to SBA-15, with the largest decrease
or SBA-15/AP. This feature agrees with the incorporation of the organic
roups by grafting reactions. Additionally, the material with the high-
st organic content (SBA-15/AP), is the one with the higher shift in pore
ize and decrease in pore volume, indicating that some pores could be
lso blocked due to organosilane condensation. 

The BET surface areas and pore volumes are summarized in Table
2. Following the incorporation of C8, C18, Ph, and AP into SBA-15, a
eduction in surface area and pore volume was noted for all materials,
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Fig. 3. Response surface for the optimization of centrifugation and desorption 
time of the desorption step. Sorbent phase: SBA-15/C8. 
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hich is in line with the pore walls being coated by organic monolayers,
s in C8, C18 and Ph, or multilayers/blockage as in the case of AP. 

The agreement between N 2 sorption analysis and TGA results em-
hasized that the incorporation of a greater amount of organic mat-
er into SBA-15/AP resulted in a greater decrease in its pore size, pore
olume and surface area. On the other hand, the sorbents SBA-15/C8,
BA-15/C18 and SBA-15/Ph showed only slight and similar decrease
or these parameters. This data suggests that, for an extraction purpose,
he materials SBA-15/C8, SBA-15/C18 and SBA-15/Ph, although pre-
enting less chemical sites for adsorption, these sites are homogenously
ispersed and more accessible along the porous structure than in SBA-
5/AP. Therefore, beyond chemical affinity, diffusion of the PAHs to the
dsorption site can govern the efficiency and selectivity of the sorbents
repared. 

.2. Optimization of the sample preparation procedure 

.2.1. Evaluation of the sorbent type 

Sorbents used in D-μ-SPE are essential components of the extraction
rocedure, and their properties can have a significant impact on the
fficiency and selectivity of the extraction process. Initially, in order
o determine the best extraction phase for the determination of PAHs,
ome experiments were performed using the following strategy: 10 mg
f the sorbent phase was weighted into a microtube and 3 mL of the
ater sample spiked with 500 μg L − 1 of each PAH was added. 20 μL
f 2-fluorobiphenyl (IS) was added at a concentration of 50 μg L − 1 and
ortexed for 2 min, followed by 20 min of stirring using an orbital shaker
300 rpm). The sample was then centrifuged (3500 rpm) for 1 min and
he supernatant discarded. The desorption step was performed with 50
L of ACN, vortexed for 2 min, then stirred for 10 min on an orbital
haker (300 rpm) and centrifuged for 1 min (3500 rpm). Finally, the
rganic phase was transferred to a vial and further analyzed by GC-MS.

According to the bar graph of Fig. S2, SBA-15/C8 exhibited the high-
st extraction efficiency for the PAHs examined; consequently, this sor-
ent was chosen for further studies. When evaluating the chemical struc-
ures of the compounds, it is hypothesized that two factors could influ-
nce on the extraction efficiency. Firstly, PAHs have a stronger affinity
or more hydrophobic compounds, such as those present in C8, C18, and
h functionalized materials. AP exhibits polar amino groups, resulting
n lower affinity for PAHs. Additionally, SBA-15/AP has smaller surface
rea and pore volume, resulting in less accessible sites for PAHs adsorp-
ion. The second factor is that PAHs could be adsorbed onto the C18
nd Ph material’s surface, but with a stronger interaction (especially
interactions with Ph groups), which makes the desorption step less

avored. In this regard, SBA-15/C8 exhibits the most favorable param-
ters, including homogenously distributed and accessible hydrophobic
ites within the porous structure, and a suitable balance of interactions
or adsorption and desorption. 

.2.2. Screening of the experimental variables 

The evaluation of the parameters that can affect the extraction effi-
iency was performed using a 2 4 full factorial design, with four variables
nvestigated at two levels, resulting in 16 experiments. The variables
ere mass of sorbent phase (2 and 10 mg), sample volume (2 and 4 mL),
xtraction time (4 and 20 min) and centrifugation time (1 and 5 min).
he response used to generate the pareto chart was based on the geo-
etric means of the chromatographic peak areas of the analytes in each

xperiment, resulting in the graph of Fig. S3. A coefficient of determina-
ion of 0.8448 was obtained, which demonstrates that the experimental
esults agreed with the statistical model. 

According to Fig. S3, only the mass of the sorbent phase exhibited
ignificant influence on the extraction efficiency. The negative value
ndicates that a lower mass of sorbent phase improves the analytical re-
ponse. This result can be explained by the fact that using a lower mass,
he dynamic mixture between the extraction phase and the sample is
avored. On the other hand, employing higher masses, the formation of
5 
mall agglomerates of the extraction phase is possible, which can affect
he extraction efficiency. Therefore, 2 mg of the sorbent was selected. 

Regarding other variables (sample volume, extraction time, and cen-
rifugation time), the results did not show statistical significance at 95%
f confidence. Therefore, 2 mL of sample volume, 6 min of extraction
ime (vortexing for 2 min and orbital shaker for 4 min) and 1 min of
entrifugation were selected as the optimal conditions for the extrac-
ion step and were fixed for the next steps of the optimization. 

.2.3. Optimization of desorption solvent type 

In general, the process of liquid desorption involves the use of an
rganic solvent to elute or desorb the analyte from the sorbent material.
he solvent must be able to break the interaction between the sorbent
nd analyte. Therefore, to ensure good desorption efficiency, the best
olvent (or mixture of solvents) was determined, aiming at achieving
he complete desorption of the PAHs from the SBA-15/C8. Table S3 of
he Supplementary Material contains the different solvent ratios used in
his evaluation. According to the triangular response surface obtained
n Fig. S4 (r 2 = 0.8964), a mixture of ACN and acetone (50:50 v/v)
xhibited the best desorption efficiency of the analytes. Therefore, this
atio was chosen as the optimal condition for further experiments. 

.2.4. Optimization of the desorption step 

For this optimization, nine experiments (including a triplicate in the
entral point) were performed according to a Doehlert design, which
entrifugation time was varied in three levels ranging from 1 to 3 min,
nd the desorption time (at orbital shaker) was varied in five levels from
 to 25 min. The vortex time used in the desorption step was set at 2
in. The result of this optimization is shown in Fig. 3 (r 2 = 0.9587),

nd it is possible to conclude that the combination of 8 min of orbital
haker and 3 min of centrifugation provided the best results. 

.3. Optimized procedure for the determination of PAHs in water using 

-μ-SPE 

A general overview of the optimized analytical methodology is
hown in Fig. 4 . For the extraction procedure, 2 mg of SBA-15/C8 was
eighted into a microtube and 2 mL of water sample was added. Then,
0 μL of 2-fluorobiphenyl (IS) was inserted at a concentration of 50
g L − 1 and vortexed for 2 min, followed by 4 min of stirring using an
rbital shaker. The sample was then centrifuged for 1 min and the su-
ernatant discarded. The desorption step was performed with 25 μL of
CN:acetone (50:50 v/v), vortex for 2 min, followed by 8 min of stirring
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Fig. 4. Scheme of the optimized sample preparation procedure developed in this study. 

Table 1 

Limits of detection and quantification, linear range, weighting factor, determination coefficients and linear equation with confidence intervals (95%) for the 
proposed method., using SBA-15/C8 as sorbent phase. 

Analyte LOD (μg 
L − 1 ) 

LOQ (μg 
L − 1 ) 

Linear range 
(μg L − 1 ) 

Weighting 
factor 

r 2 Linear equation Linear equation – confidence intervals (95%) 

Nap 0.15 0.5 0.5 - 500 1/x 2 0.9920 y = 0.00173x + 0.00143 slope (0.001573; 0.001680) intercept (-0.009933; 0.017895) 
1-met 0.15 0.5 0.5 - 500 1/x 1/2 0.9992 y = 0.00124x + 0.00038 slope (0.001111; 0.001251) intercept (-0.013857; 0.020333) 
2-met 0.15 0.5 0.5 - 500 1/y 2 0.9971 y = 0.00139x + 0.00026 slope (0.001282; 0.001434) intercept (-0.015089; 0.022137) 
Ace 0.15 0.5 0.5 - 500 1/y 2 0.9962 y = 0.00298x + 0.00006 slope (0.002946; 0.003189) intercept (-0.02994; 0.029138) 
Acet 0.15 0.5 0.5 - 500 1/y 2 0.9973 y = 0.00179x – 0.00006 slope (0.001706; 0.001884) intercept (-0.018090; 0.025101) 
Flu 0.30 1.0 1 - 500 1/x 2 0.9986 y = 0.00262x + 0.00008 slope (0.002413; 0.002734) intercept (-0.035236; 0.048152) 
Phe 0.30 1.0 1 - 500 1/x 2 0.9966 y = 0.00559x - 0.00019 slope (0.005388; 0.005857) intercept (-0.051952; 0.07020) 
Ant 0.30 1.0 1 - 500 1/x 2 0.9928 y = 0.00517x-0.00069 slope (0.005241; 0.005688) intercept (-0.062972; 0.053389) 
Flt 3.03 10.0 10 - 500 1/x 1/2 0.9938 y = 0.01028x-0.00336 slope (0.008352; 0.012048) intercept (-0.549805; 0.589369) 
Pyr 3.03 10.0 10 - 500 1/x 2 0.9958 y = 0.01104x + 0.00615 slope (0.009043; 0.012797) intercept (-0.548602; 0.60869) 
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sing an orbital shaker and centrifuged for 3 min. Finally, the organic
hase was transferred to a vial for further analysis by GC-MS. 

.4. Determination of the analytical parameters of merit and analysis of 

eal samples 

After the optimizations, the experimental conditions were estab-
ished and the validation was performed according to the AOAC guide-
ine [16] . The analytical figures of merit obtained employing the opti-
ized conditions are shown in Table 1 . 

The determination coefficients (r 2 ) of the calibration curves were
igher than 0.9920, which indicates good linearity. The analytes have
resented heteroscedastic calibration curves, which may be explained
ue to the wide range of concentration. By applying weighted least
6 
quares linear regression, the resulting weighting factors are shown in
able 1 . LOD values obtained for the analytes varied from 0.15 to 3.03
g L − 1 and LOQ varied from 0.5 to 10 μg L − 1 . 

According to Table 2 , the accuracy based on the relative recover-
es ranged from 92.0 to 112.3 %. Intraday precision ranged from 2.6
o 12.1 % and interday precision from 4.5 to 25.3%. Based on these
esults, it is possible to observe that analytes with larger chemical struc-
ures exhibited greater variability and higher limits of quantification.
articularly, analytes with larger molecular volumes may have diffi-
ult in penetrating into the pores of the sorbent phase. However, the
esults were very satisfactory in terms of analytical performance. Fig.
5 of the Supplementary Material shows a chromatogram obtained by
C-MS of a water sample spiked with analytes at concentration of
0 μg L − 1 . 
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Table 2 

Relative recovery and precisions for the target compounds in water samples. analyzed by the pro- 
posed method (SBA-15/C8 as sorbent phase). 

Analyte Spiked concentration 
(μg L − 1 ) 

Relative Recovery (%) 
n = 3 

Precision (RSD, %) 

Intraday (n = 3) Interday (n = 9) 

Nap 0.5 103.6 2.6 8.6 
100 95.0 9.7 10.7 
500 104.0 9.5 13.8 

1- 
met 

0.5 105.0 5.9 8.8 
100 108.9 3.6 6.5 
500 103.6 6.8 11.2 

2- 
met 

0.5 92.1 5.1 6.8 
100 106.7 4.0 5.5 
500 103.2 3.0 8.0 

Ace 0.5 96.6 5.1 6.0 
100 109.5 6.7 4.5 
500 103.7 4.5 4.8 

Acet 0.5 104.5 3.5 6.0 
100 112.3 4.7 6.2 
500 109.7 2.7 8.6 

Flu 0.5 98.0 6.6 8.2 
100 105.7 10.0 11.2 
500 105.4 5.7 11.4 

Phe 1 98.9 9.5 8.9 
100 95.5 7.7 11.9 
500 105.5 9.4 10.6 

Ant 1 98.4 11.4 9.9 
100 103.4 9.2 11.4 
500 107.5 7.3 9.7 

Flt 10 98.5 10.9 22.7 
100 93.4 11.7 16.3 
500 99.5 10.5 10.3 

Pyr 10 94.8 9.9 25.3 
100 92.0 12.1 18.0 
500 97.0 8.0 11.0 

Table 3 

Comparison of the analytical features obtained with this study and other reported methods for the determination of PAHs in environmental water samples using 
dispersive (micro) solid-phase extraction. 

Sorbent Phase Number of 
PAH 

Matrix Sample 
volume 
(mL) 

Amount 
of sorbent 
(mg) 

Extraction 
time 
(min) 

Desorption 
solvent/volume 

Desorption 
time (min) 

Instrumentation LOQ (μg 
L − 1 ) 

Ref. 

SBA-15/C8 10 Groundwater 2 2 6 Acetone:ACN (25 μL) 10 GC-MS 0.5-10 This study 
Magnetic C18 16 Tap water 20 50 5 n-hexane (4500 μL) - GC-MS - [20] 
C18 16 River and marine 

water 
250 100 32 n-hexane (500 μL) 20 GC-MS 0.0027- 

0.0050 
[21] 

Fe 3 O 4 @SiO 2 @Nap 7 River water 150 40 12 ACN (1000 μL) - HPLC-FLD 0.0015- 
0.004 

[22] 

Fe 3 O 4 @SiO 2 @Flu 16 River, tap, and 
wastewater 

100 40 5 n-hexane (1000 μL) 0.25 GC-FID 0.0017- 
0.0133 

[23] 

Magnetic 
b-CD-CNT 
composite 

7 Rain, well, and 
agricultural water 

10 15 20 Toluene (200 μL) 10 GC- FID 2-10 [24] 

CaCO 3 7 Seawater 5 50 30 DCM (100 μL) 5 GC-FID 0.013-0.073 [25] 
PPy.CTAB 12 River water 1.4 5 0.5 ACN:MeOH (1200 μL) 1.5 HPLC-DAD 5 - 20 [1] 
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After the optimization and validation, the method proposed was ap-
lied to analyze 8 groundwater samples from monitoring wells of gas
tations in São Paulo. Two samples exhibited results higher than LOQ
or some analytes. The first sample presented 1-met (1.21 μg L − 1 ), Phe
4.87 μg L − 1 ) and Ant (2.02 μg L − 1 ); and the second sample contained
nly Phe (1.11 μg L − 1 ). The analytes were not detected in other samples.
hromatograms of the analytes with concentration above LOQ can be

ound Fig. S6 of the Supplementary Material. 
The method developed in this work was also compared to other

ethods reported in the literature for the determination of PAH in water
sing D-μ-SPE, as shown in Table 3 . This method required only 2 mL of
ample, whereas other methods require volumes ranging from 1.4 mL
o 250 mL. Moreover, this method employs lower amounts of sorbent
nd organic solvent, which consequently reduces waste. Extraction and
esorption times were 6 and 10 min, respectively, offering satisfactory
 a  

7 
nalysis throughput. Additionally, the sorbent exhibited a straightfor-
ard and affordable synthetic procedure. Finally, limits of quantifica-

ion were satisfactory for the determination of PAHs, with results lower
han some of those methodologies reported in literature. 

.5. Greenness of the method 

The greenness of the proposed method was evaluated using AGREEp-
ep [19] , a tool specifically designed for the assessment of analytical
ample preparation greenness. This tool permits to evaluate the envi-
onmental friendliness of the methodology through a pictogram divided
nto ten different zones and a central zone that contains the score of the
ethod. This score ranges from 0 to 1, with 1 being the greenest. These

en zones represent different topics of interest in green chemistry, such
s energy consumption and the amount of waste generated. Each zone
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Fig 5. AGREEprep analysis of the method developed in this study. 
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as a different impact factor that can be changed by the user based on
nterest. 

For the method proposed, the following topics were considered most
mportant: use of toxic materials (zone 2) and operator safety (zone 10).
ther zones considered important were: waste generation (zone 4), sam-
le volume (zone 5), and energy consumption per sample (zone 8). 

Fig. 5 shows the pictogram obtained using AGREEprep for the
ethod proposed, as well as the score obtained (0.74). This method

an be considered sustainable according to the AGREEprep tool. The
ain limitation is the sample preparation (zone 1), since this step is
erformed after the collection and transportation of the sample. In con-
rast, the method proposed is characterized by low reagent consumption,
mall number of sample preparation steps, and simplicity of the mi-
roextraction technique used. Particularly, only the sample preparation
rocedure was considered for this metric. It is worth mentioning that
he synthetic procedure required higher volumes of solvents compared
o those employed for the sample preparation workflow. Therefore, the
ynthesis can be considered a drawback related to the greenness of the
xperimental steps utilized in this investigation. 

. Conclusions 

In this study, a sustainable, efficient and sensitive analytical method-
logy based on D-μ-SPE using nanostructured sorbent phase was pro-
osed and fully optimized for the determination of PAHs in water sam-
les. According to our knowledge, this is the first report of the appli-
ation of nanostructured SBA-15/C8 as sorbent in D-μ-SPE for determi-
ation of PAH in water samples. The sorbent phases were successfully
ynthesized and comprehensively characterized, exhibiting high chemi-
al and mechanical stabilities and SBA-15/C8 permitted to achieve sat-
sfactory analytical parameters of merit in accordance with AOAC. It
s worth mentioning that only 2 mg of sorbent phase was necessary
n each extraction which emphasizes a great capability of dispersing
hrough the aqueous sample. Additionally, this novel sorbent phase of-
ered a rapid and environmentally friendly experimental setup in accor-
ance with green analytical chemistry principles. Nanostructured sor-
ent phases consist of important trend to be comprehensively examined
n dispersive-based solid phase approaches. These sorbents also exhibit
tructural versatility which is particularly interesting for designing novel
xtraction phases for specific applications. 
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