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surface for direct immersion solid phase
microextraction of some polycyclic aromatic
hydrocarbons
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Abstract

Background: Solid-phase microextraction (SPME) is a versatile sampling and sample preparation technology that
possess a significant application in the extraction and pre-concentration of a broad range of micro-pollutants from
di erent kind of matrices. Selection and preparation of an appropriate fiber substrate and coating materials have
always been the main challenges of the SPME procedure. This paper introduces a high-e ciency metal-based SPME
fiber with a new chemical coating of nickel/graphene oxide/nickel tetraazamacrocyclic complex (Ni/GO/NiTAM).

Result: The Ni/GO/NIiTAM sorbent was electroless deposited onto the surface of an aluchrom (Alu) wire, and then the
prepared fiber was employed for the extraction and pre-concentration of some PAHs before their HPLC-UV analy-

sis. The prepared fiber characterization data were assessed using FE-SEM, EDX, XRD, FT-IR, and BET techniques. The
method validation parameters, including the linearity range (LRs: 0.10 to 200.0 pg L1, the limit of detection (LODs:
0.03-0.30 pg L1, and the limit of quantification (LOQs: 0.10-1.00 pg L~1), under optimal conditions. The relative
standard deviations (RSDs) of intra-day, inter-day, and single fiber repeatability (for the samples spiked at 25 ug L™)
were in the range of 0.32-2.94, 1.20-4.09, and 1.42-4.39%, respectively. In addition, the technique recoveries (RR %)
and enrichment factors (EF) were in the range of 83.10-107.80% and 83-164, respectively.

Conclusion: The fiber fabrication was simple, and the applied materials were also economical and easily accessible.
Alu metal has high physicochemical and mechanical stability and thus can be a good alternative for the substrate of
the fragile commercial SPME fibers. High rigidity and durability, long service life, and high extraction capability are
some of the other advantages of the o ered fiber.

Keywords: High-performance liquid chromatography, Solid-phase microextraction, Metal-based fiber, Nickel/
graphene oxide, Nickel-complex coating, Polycyclic aromatic hydrocarbons

Background

Polycyclic aromatic hydrocarbons (PAHS) are a big group

of universal contaminants produced primarily during

incomplete combustion of organic materials [1, 2]. PAHs
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[3]. For example, vegetables and fruits, as one of the
widely used food sources, might be infected with PAHs
via proximity to highways and industrial areas or long-
distance airborne transportation [4]. As another option,
bread and cereals can be contaminated by PAHs through
both raw materials (especially flour) and the baking pro-
cess [5]. Bread baking with direct heat usually causes the
rapid transfer of incomplete combustion contaminants to
the dough and its final product [6]. In addition, food pro-
cessing steps, including drying, grilling, roasting, smok-
ing, and frying impressive in contamination of foodstu s
[7]. Since most PAHSs are carcinogenic (especially blad-
der, esophageal, lung, and colon cancers) and mutagenic,
there is a great deal of concern about them. us, their
trace analysis and monitoring are of interest to research-
ers [8]. Due to the low levels of PAHs in environmental
and food samples, doing a pre-concentration and extrac-
tion step(s) is usually essential before the main analysis to
certify the accuracy and sensitivity of the desired method
[9]. So far, various liquid-based and solid-based extrac-
tion techniques have been reported for the extraction
and pre-concentration of PAHs from di erent samples
[10—12]. Among them, the SPME technique has become
more widely used in recent decades.

Solid phase microextraction (SPME) is a modern, fast,
simple, and solvent-free sampling and sample preparation
technology used for the extraction and pre-concentration
of di erent organic micro-pollutants in food, environ-
mental, biological, and pharmaceutical samples [13, 14].
SPME apparatus is generally made of a fused silica fiber
(or rod) covered with a thin film of polymeric, solid, or
liquid sorbents (such as polyacrylate (PA) and carboxene/
polydimethylsiloxane (C/PDMS)) [15, 16]. Regardless
of all the advantages of SPME, this technique has sev-
eral fundamental drawbacks, including limited sorbents
range, di culty in finding an appropriate polarity coat-
ing, low thermal stability in GC analysis, swelling and
stripping of coating (especially in organic solvents), fra-
gility, bending of fiber substrates, low extraction perfor-
mance and high prices [17]. Electrochemical and physical
coating technologies, utilizing flexible metal substrates,
and using new coating materials (such as carbon mate-
rials, aerogels, metal oxides, ionic liquids, and di erent
pristine bio-materials) are some of the technical solutions
that have been proposed to overcome these problems
[18—20]. For example, numerous fibers based on the flex-
ible metal wire substrates have been fabricated that can
be employed with greater convenience because of their
di erent physicochemical properties [21, 22]. Aluchrom
metal alloy (Alu), as a new substrate for the SPME fiber,
has just recently been introduced in our articles [23, 24].
In these works, Alu wires were applied once without any
special pretreatment and coating material and once with
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a new coating of a pristine biomaterial and displayed high
extraction and preconcentration e ciency in both cases.
However, the coating of Alu wire with chemical materi-
als and methods has not been studied yet. A sticky paste
film (such as epoxy or nafion) is usually applied for the
better attachment of coatings to the metal-based SPME
substrates. On the other hand, many studies have been
done to replace conventional coatings with new ones. For
example, graphene oxide (GO) is a useful single atomic
layered carbon compound that can be a potent substance
for the adsorption and extraction methods due to its large
specific surface area.  erefore, using GO in the pre-con-
centration, extraction, and microextraction procedures
can e ciently improve their performance [25]. In addi-
tion, deposition of metal (M) or metal oxides (MO), such
as three-dimensional transition metal oxides (3D-TMO),
metal—organic frameworks (MOFs), and nano-crystal-
line mixed metal oxides (MMO), on the fiber substrate
have developed many new SPME fibers [26, 27].  ese
structures demonstrate good adsorption and extraction
characteristics and provide better adhesion between the
fiber and its covering materials by creating active groups
on the surface. Deposition processes are generally per-
formed by electrochemical, electrophoretic, and anodiz-
ing techniques [28, 29].

Despite all these attempts, thermal instability, strip-
ping of the coating materials, limited type of sorbents,
and high costs of the commercial SPME fibers are not
completely solved.  erefore, designing of a new, stable,
non-fragile, and cost-e ective SPME fiber with an easy
fabrication process, high sensitivity, precision, and e -
ciency, and good adhesion of the coating to the fiber sur-
face is still required.

In the present article, an electroless nickelized
aluchrom surface coated with graphene oxide/nickel
tetraazamacrocyclic  complex  (Alu-Ni/GO/NiTAM-
SPME), as a novel concept in the fabrication of metal-
based SPME fiber, was introduced. e suggested fiber
e ciency has been successfully evaluated with high-
performance liquid chromatographic (HPLC) analysis of
some PAHSs, as the model analytes, in di erent standard
and real samples.

Experimental

Chemical and materials

Pure PAHs consist of naphthalene, acenaphthene, flu-
orene, phenanthrene, anthracene, fluoranthene, pyr-
ene, and chrysene purchased from Merck (Darmstadt,
Germany). A stock standard solution of PAHs has been
prepared at a concentration of 100 mg L™ in methanol.
Acetonitrile and methanol with HPLC grade were from
Carlo Erba (ValdeReuil, France). e HPLC-grade water
and the other solvents and chemicals have been obtained
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from Merck (Darmstadt, Germany). e Alu wire was
supplied from Simcat Co. in Tabriz (Iran) and employed
as the SPME fiber substrate. Tomato, potato samples have
been acquired from Seed and Plant Research Improve-
ment Institute in Karaj (Iran). Sangak bread has been
purchased from the Shahrenan-Jihot company (Karaj,
Iran).

Instruments and apparatus
A JASCO (Japan) HPLC system was used for the chro-
matographic experiments. e system was equipped
with an isocratic PU-1580 pump, a UV-1575 ultraviolet
detector (JASCO-1575), and a Rheodyne 7725i six-port
switching valve (Rheodyne, Cotati, CA, USA). An HSS-
2000 pack (JASCO) with an LC-Net II/ADC interface
has controlled the chromatograph and a BORWIN soft-
ware (version 1.50) processed all data. All the separation
experiments have been achieved on an analytical ODS-3
column (250 mm x 4.6 mm ID, 5 pm) with an ODS-3
guard column (10 mm x 4 mm ID, 5 ym) (MZ-Analysen-
technik, Germany). e injection of sample solutions into
the HPLC system has been done with a 25 pL microsy-
ringe (zero dead volume, Hamilton, Switzerland). A
Tescan mira3 electron microscope (Brno-Czech Repub-
lic), an FT-IR system (Bruker, Ettlingen, Germany) spec-
trometer, a Bruker D8 Advance X-ray apparatus (Bruker
AXS, Karlsruhe, Germany), and a Brunauer-Emmet-
Teller (BET) technique with a Gemini 2375 micrometric
instrument and N, adsorption—desorption analysis were
employed for the characterization studies. Moreover, an
ultrasonic device (Falc instrument S.r.l, LBS2, Italy), a
Metrohm pH meter model 744 (Switzerland), a Beckman
GS-6 centrifuge (USA), an IKA RCT basic magnetic stir-
rer (Germany), and an oven were employed. STARCKE
P220 and P400 waterproof sandpapers have been pur-
chased from a local store in Tabriz (Iran). All the analy-
sis steps have been performed at laboratory temperature.
e chromatographic data have been accomplished
under isocratic conditions. e wavelength of the UV
detector was set at 254 nm.

Fabrication of the Alu-Ni/GO/NiTAM-SPME  ber

e Alu wires were polished with P220 and P400 sand-
papers, respectively, to remove unpleasant imperfections
from the surface, and a relatively mirror-like finish was
achieved. en it was washed with deionized water and
sonicated in a mixture of acetone: water (1:1) and dried
inair.  en a chemically etching step was performed by
immersing 2 cm of the polished surface in 1 M NaOH
for 1 min. In the next step, the polished and etched wires
were coated by the Ni/GO/NIiTAM sorbent. For this
purpose, at first, the electroless deposition of metallic
nickel on the fiber surface was accomplished by dipping
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one polished and etched Alu wire into the plating solu-
tion containing 1 M NiCl, and 2 M NH,CI at pH=1,
for 5 min [30]. e fiber had been taken out and rinsed
with deionized water.  en, the nickel-coated fiber was
immersed directly in a dispersion of GO in HPLC-grade
water (containing 10% N-methyl-2-pyrrolidone and
10% ethylene glycol) for 45 min, under continual agita-
tion (600 rpm). GO was synthesized by the conventional
Hummers’ method [31]. e obtained Ni/GO-covered
Alu-fiber (Alu-Ni/GO-SPME) was pulled out and dried
in the air. In the next step, the Alu-Ni/GO-SPME fiber
has been soaked in a solution of Ni-tetraazamacrocyclic
complex (3 mg mL~) at pH =12 for 30 min (T=70 °C)
[32]. Finally, the fiber was removed, washed with deion-
ized water, and dried at 30 °C to fix a suitable thickness of
the Ni/GO/NITAM coating on its surface.

Microextraction procedure
25 mL aqueous standard/sample solution containing the
selected PAHs (at a concentration of 25 pg L™t) were
transferred into a sample container, placed on a magnetic
stirrer, and agitated with a magnetic bar. e fabricated
Alu-Ni/GO/NITAM-SPME fiber was directly dipped
into the solution. e sample was extracted through
the direct immersion mode (DI), and adsorption equi-
librium was achieved after 30 min, under frequently
stirring (800 rpm).  en the fiber was withdrawn and
immediately placed in 1 mL acetone for 10 min to desorb
the analytes. Next, the SPME fiber has been pulled out
from acetone, and the residual compounds were dried by
N, gas. Drying the sample was done to prevent dilution
e ects, improve the technique sensitivity, and compat-
ible the desorption solvent with HPLC mobile phase. e
dried extract was then dissolved in 100 pL acetonitrile
and injected into the HPLC system for the final analysis.
e isocratic elution of analytes was performed utilizing
a mixture of acetonitrile: HPLC-grade water (75:25, v/v)
at the flow rate of 1 mL min~2,

Preparation of real samples

In this work, tomato, potato, and Sangak Persian bread
were chosen as the real samples. e tomato sample was
washed nicely to remove all dirt and unwanted substances
from the outer layer and then cut into two pieces. ena
half piece of the sample has been peeled and grated very
finely, and the other half grated with the peel. e potato
sample has been prepared the same as the tomato sam-
ple. Sangak is traditional Iranian bread that is baked by
the direct (on a bed of small river stones in a tandoor or
oven) and indirect (in industrial bread machines) heat-
ing process. e heating method, fuel type, and tempera-
ture a ect the amount of bread contamination (especially
PAHs).  us, two available types of this bread with
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similar ingredients have been purchased. So far, various
methods have been reported for the preparation of veg-
etables and bread samples during PAHSs analysis [33—37].
Briefly, 5 g of each of these six samples was ultrasonicated
twice with 2 mL of an appropriate solvent for 10 min. A
mixture of acidified acetonitrile (with 1% acetic acid) and
n-hexane: dichloromethane (1:1, v/v) solvents were cho-
sen for the extraction of PAHs from the vegetables and
bread samples, respectively. In all cases, the attained
mixtures were centrifuged for 15 min at 4000 rpm, and
then the upper solutions were overflowed, mixed up, and
dried by nitrogen gas. Finally, the dried extracts were dis-
solved in 1 mL methanol and diluted with DDW to a final
volume of 25 mL. e obtained solutions have been used
for the DI-SPME-HPLC analysis of PAHSs.

Method validation

Method validation is an essential process that demon-
strates an analytical procedure is suitable for the desired
purpose in terms of quality, reliability, and consistency of
results. At the present study, ICH Q2 (R1) was applied for
the validation [38], including 10 di erent concentrations
for the linearity, 10 determinations covering the speci-
fied range for the procedure (2 concentrations/5 repli-
cates each) for precisions, five repeated analysis of blank
samples for limit of detection (LOD) and limit of quan-
tification (LOQ) and spike the real samples with known
quantities of the target analytes for the accuracy and
recovery studies. Based on the requirements of ICH Q2
(R1), the robustness of the method was also considered
under study. In addition, Mandel’s fitting test has been
done to investigate the linearity of the calibration curves.
Mandel’s fitting test is suggested by IUPAC and calculates
from the di erence of the variance of the residual stand-
ard deviation of linear (S;) and the potential second-
order (S,) calibration models. is is compared with the
standard deviation of the potential second-order calibra-

tion model using the F-test (Eq. (1)).
sy21 x (n—2) xS§2 x (n—3)

2
S

@)

F, experimental =

Results and discussion
Characterization of the Alu-Ni/GO/NiTAM-SPME  ber

e prepared Alu-Ni/GO/NiTAM-SPME fiber was char-
acterized utilizing FE-SEM, EDX, XRD, FT-IR, and BET
techniques. e FE-SEM spectroscopy was applied to
investigate the surface morphology and pores structure of
the polished Alu-SPME fiber without any coating, chemi-
cally etched Alu-SPME, Alu-Ni-SPME, and Alu-Ni/GO/
NiTAM-SPME fibers. As can be seen in Fig. 1A, the pol-
ished Alu-SPME fiber, without any special pretreatment
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and coating, has a relatively smooth structure. However,
the chemical etching has created branch-like patterns and
irregular pores on the fiber surface (Fig. 1B). Such struc-
ture is resulted in creating relative adsorption properties
and, more importantly, improvement of the adhesion of
sorbent to the fiber surface. In addition, the micro-image
of Alu-Ni-SPME fiber (Fig. 1C) illustrates a surface with
an attractive collection of abundant and uniformly poros-
ities, which can significantly increase the fiber adsorption
attributes. Finally, the positive e ect of the GO/Ni-com-
plex on the sorbent porosities enhancement is proved in
Fig. 1D. According to this micro-image, the GO groups
alongside the Ni-complexes have created folds, crinkles,
and rolled edges [32] that amplified the adsorption prop-
erties. e thicknesses of Ni, Ni/GO, and Ni/GO/NiTAM
layers were 12, 48, and 92 um, respectively.

In addition, chemical micro-analysis and elemental
characterization were recorded employing EDX spectros-
copy for the polished Alu-SPME, chemically etched Alu-
SPME, Alu-Ni-SPME, and Alu-Ni/GO/NiTAM-SPME
fibers. e main peaks of Alu elements are visible in the
uncoated-Alu-fiber spectrum (Fig. 2A). e next pattern
is related to the chemically etched Alu-fiber (Fig. 2B). e
slight increase in the Alu-peaks intensity is probably due
to the etching process, which has allowed access to the
bottom parts of the substrate by removing the surface
layers or possible surface contaminants. e appearance
of sharp and high-intensity peak of nickel and the reduc-
tion of the Alu-peaks intensity in Fig. 2C indicate that the
fiber surface is well-coated with the Ni-plating solution.
Finally, concerning Fig. 2D, the carbon peak of GO is vis-
ible accompanied by increasing the intensity of Ni-peaks,
which proves the proper covering of fibers with the coat-
ing materials.

e XRD patterns of the neat Ni, synthesized GO and
Ni/GO/NITAM coating are shown in Fig. 3A. For Ni, the
characteristic peaks observed at around 44°, 52°, and 76°
are ascribed to the (111), (200), and (220) atomic struc-
tures of Ni, respectively [39]. For GO, the di raction
peaks at around 26 =11.8° and 43° have corresponded to
the (001) and (100) crystallographic planes of GO [34].

e interlayer spacing of GO sheets was about 0.78 nm,
which has been created by the oxygen-containing groups
and trapped water molecules [40]. For Ni/GO/NIiTAM,
decreasing the GO and Ni peaks intensities is related
to the incomplete reaction of GO and Ni groups during
the coating process.  erefore, a strong linkage has been
created between the abundant oxygen-rich functional
groups of GO and Ni nucleating parts.

e FT-IR spectra of the GO and Ni/GO/NIiTAM are
also demonstrated in Fig. 3B. e stretching vibration
band of hydroxyl, related to the CO-OH and C—OH
groups, was appeared at 3418 cm™. e peaks at 1726
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and 1622 cm™ are corresponded to the C=0 and C=C
stretching vibrations, respectively. e stretching vibra-
tion bands of C-O also appeared at 1382, 1223, 1050,
and 883 cm™. In the case of Ni/GO/NiTAM, the sharp
absorption band of carboxylate ions related to the GO-
Ni-complex has appeared at 1625 cm™2. In addition, the
absorption band of 1382 cm™ was become more intense,
which corroborates the well-known complexation

interaction between the metal and GO [41]. Such interac-
tion between the Ni and GO groups has been led to the
deposition of GO on the presented SPME fiber surface.

e BET analysis of the proposed fiber has been also
done. e specific surface area, total pore volume, and
mean pore diameter of the Ni coating were 11.355 m? g2,
0.068 cm3 g%, and 18.912 nm, respectively. However,
addition of GO onto the Ni surface has changed these
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Fig. 2 EDX patterns of the prepared A Alu-SPME, B chemically etched Alu-SPME, C Alu-Ni-SPME and D Alu-Ni/GO-SPME fibers

values to 36.801 m? g%, 0.339 cm3 g%, and 9.751 nm,
respectively. e results demonstrate that the surface
area and pore volume of the Ni/GO/NiTAM coating
is increased significantly by the incorporation of the
GO nanoparticles, while the pore diameter decreased.
Increasing the Ni/GO/NIiTAM coating surface area is
probably related to the higher pore diameter of the GO
compared to the Ni.  erefore, by increasing the surface
area and decreasing the pore size, it is expected that the
Ni/GO/NITAM coating possesses a higher extraction
capability compared to the GO.

Optimization of the proposed method

e present study has been included two separate stages:
(a) the fabrication of an SPME fiber with new coating
materials and (b) utilizing the achieved fiber in the analy-
sis of some PAHs.  erefore, optimizations of both of
these stages were necessary to access a high-performance
microextraction technique.

For this purpose, initially, the best conditions for
the fabrication of a high-quality Alu-fiber have been

determined. In this step, the other analysis factors were
constant at sample volume: 25 mL; sample concentration:
25 ug L™t extraction time: 60 min; desorption solvent:
acetonitrile; desorption solvent volume: 2 mL, desorption
time: 30 min, and stirring rate: 200 rpm. After the fab-
rication of a suitable fiber (Alu-Ni/GO/NiTAM-SPME),
the significant experimental parameters have been opti-
mized. e optimized factor in each step was applied in
the further stages. Additional file 1: Figures S1 and Addi-
tional file 2: Figure S2 display the gradual improvement
of the chromatographic signal intensity and the increase
of method performance by the optimization of the e ec-
tive parameters.

Optimization of the important factors affecting the fiber
fabrication quality

In this part, some important factors influencing the
fiber e ciency, coating thickness, and coating adhesion
have been optimized to get a high-quality fiber. In this
regard, di erent a ecting factors were optimized, such
as the kind of coating, etching reagent, etching time,
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concentration of NiCl,, pH of plating solution, time of
dipping fiber into the plating solution, GO dispersion, pH
of GO dispersion, stirring rate of dispersion and time of
immersing fiber into the GO dispersion.

e kind and properties of the coating are key factors
a ecting the sensitivity, selectivity, and reproducibility of
the SPME e ciency [22]. For evaluating this parameter,
four similar Alu-wires were polished with sandpapers
and coated with di erent coating materials. One of these
wires was Ni-covered by immersing the polished surface
into the plating solution (1 M NiCl,+2 M NH,CI). e
second wire was GO-covered by dipping the fiber into
the GO dispersion. e third wire was first immersed
into the plating solution.  en the fiber was withdrawn
and dipped into the GO dispersion to the final shape of
fiber (Ni/GO-covered) was made. e last wire has been
prepared like the previous fiber, and then the Ni/GO-
covered-fiber was coated by soaking in the Ni-complex
solution. Eventually, the performance of these fibers has
been studied for the extraction, pre-concentration, and
determination of target analytes. e results showed that
Ni/GO-SPME fiber possesses good absorption proper-
ties, but adding a new layer of Ni-complex to the surface,
significantly increases its adsorption properties (Addi-
tional file 1: Fig. S1A).

Etching is the cutting process of a metal surface by
a strong acid or base or mordant to create a special
design [42]. Xu and his co-workers have introduced the
first etched-SPME fiber in 2009 and applied it for the

extraction and pre-concentration of some PAHs from
water samples [43]. In the microextraction procedures,
etching of the metal substrate increases the specific sur-
face area by creating roughness and porosity. Accord-
ingly, the adhesion between the fiber and its coating
enhance, and the technique performance improves. In
the present study, di erent reagents such as HF, HCI,
H,SO,, and NaOH at a concentration of 1 M have been
tested to find a suitable etching agent. As the results
show (Additional file 1: Fig. S1B), the best signal inten-
sity was obtained by NaOH. e kind of substrate and
the solvent strength determine the required time for the
etching process. Generally, the etching procedures are
involved with two basic challenges: incomplete-etching
and over-etching. In incomplete-etching, time is not
adequate for the complete removal of materials, and thus
the desired porosities and roughness not possibly create.
Against, too intensive etching (over-etching), particularly
too long-time etching process usually damages the sur-
face of the substrate and reduces the adhesion [44]. Each
of these challenges reduces the method e ciency. Here,
the e ect of etching time has been examined in the range
of 0.5-5 min. Based on the outcomes (Additional file 1:
Fig. S1C), the etching time of 1 min has been selected for
further studies.

Besides, the thickness of the fiber coating a ects
the adsorption capacity and extraction e ciency. e
thicker coating o ers more extraction capability through
its greater specific surface area. However, the thinner
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coating o ers a faster mass transfer of analytes [45]. e
thickness of the covering film mainly depends on the
concentration of coating materials and the dipping time
of fiber in the coating solution.  erefore, optimization of
covering conditions is essential. As mentioned, Ni/GO/
NIiTAM was the most suitable fiber coating. Since three
steps were required to achieve such coating, optimization
of all of these steps was essential (Additional file 1: Fig.
S1D-19J). So at first, the conditions of the plating solu-
tion, such as the concentration of NiCl,, pH, and the time
of electroless Ni-coating, have been optimized. en the
concentration of the GO dispersion, pH, stirring rate, and
GO coating time has been optimized. e addition of
NMP and ethylene glycol to the GO dispersion increases
its stability and provides better coating conditions in a
shorter time [46]. Coating conditions of the fiber with
Ni-complex have been done according to Basiuk’s report
[32]. By the results, the optimum conditions for coating
the Alu-SPME fibers were as follows:

() Plating solution: concentration: 2 M, pH: 1, time:
10 min.

(1) GO dispersion: concentration: 10 mg mL™, pH: 7,
stirring rate: 600 rpm and time: 50 min.

(1) Ni-tetraazamacrocyclic solution: concentrating:
3 mg mL™?, pH: 12, time: 30 min, T: 70 °C.

Optimization of the significant experimental factors

After the fabrication of a suitable fiber, the e ect of the
important analyzing factors have been studied. e most
significant parameters optimized in this work were the
extraction time, desorption solvent, volume of desorp-
tion solvent, desorption time, pH of sample solution, stir-
ring rate, and ionic strength.

Since the SPME is an equilibrium-based technique,
the extraction time is a significant factor that a ects
the extraction yield. e optimal extraction time is the
shortest duration needs to adsorb the maximum amount
of analytes onto the fiber surface [47]. At the present
experiment, the influence of the extraction time has been
inspected in the range from 10 to 60 min. According to
Additional file 2: Fig. S2A, the extraction e ciency has
been increased as the extraction time increased up to
30 min, and then it was remained unchanged. erefore,
30 min was selected as the suitable extraction time.

e complete desorption of analytes will increase the
sensitivity of the microextraction procedures. Hence, the
selected desorption solvent should possess a high ability
to desorb the analytes completely or as much as possible.
Acetonitrile, acetone, methanol, THF, and n-hexane have
been tested to find the appropriate desorption solvent.
According to the results (Additional file 2: Fig. S2B), ace-
tone was displayed the highest desorption potential and
therefore selected for this step.
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e large volume of the desorption solvent is problem-
atic for the environment and additionally not economi-
cal. Versus, the low solvent consumption may cause the
incomplete desorption of analytes.  erefore, the volume
of desorption solvent ought to be optimized to determine
the lowest amount of solvent with the maximum desorp-
tion recovery. ee ect of desorption solvent volume on
the method recovery has been investigated in the range
of 0.5-2.0 mL. As can be seen in Additional file 2: Fig.
S2C, the recoveries have been increased significantly
from 0.5 to 1.0 mL but not notably di erent between 1.0
and 2.0 mL. Hence, the optimal volume of 1 mL has been
chosen for the desorption step.

In addition, desorption time has been studied to deter-
mine the minimum duration required for the complete
desorption of analytes from the sorbent. s factor was
studied in di erent desorption times varied from 5 to
20 min. e results (Additional file 2: Fig. S2D) demon-
strated that 10 min was the proper desorption time for all
the target analytes.

pH of sample solutions is one of the other factors that
a ect the extraction and adsorption procedures.  eo-
retically, the sample pH can increase the extraction pro-
ficiency of acidic and basic analytes by decreasing their
solubility [48]. In addition, for the metallic SPME fibers,
sample pH can influence the chemical stability, surface
structure, and surface charges of the fibers substrate
and coating. Here, pH variations have not a ected the
PAHSs ionization but they could potentially a ect the
fiber substrate and its coating.  erefore, optimization
of this parameter was necessary. e e ect of pH on the
extraction yield has been evaluated at di erent pH values
from 3 to 11. Based on the results (Additional file 2; Fig.
S2E), all of the experiments were performed at pH=7.
Adjustment of pH was performed by adding appropri-
ate amounts of diluted HCI and NaOH to the sample
solutions.

In general, the di usion layer around the SPME fiber
reduces at a higher stirring rate, and consequently, the
mass transfer of analytes enhances [49]. In this work, the
e ect of stirring rate on the technical e ciency has stud-
ied in the range from 0 to 1000 rpm. e positive influ-
ence of the stirring rate on the chromatographic signals
has been obtained at 800 rpm (Additional file 2: Fig. S2F).

us, 800 rpm was set as the optimized stirring rate for
more analysis.

Memory e ect

e memory (carry-over) e ect is not a serious prob-
lem in the equilibrium-based microextraction tech-
niques. However, on-fiber carry-over can be the main
concern for the samples containing low concentration of
desired analytes [50]. To assess this parameter, a second
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desorption step has been consecutively done after the
primary adsorption. With the analysis of the related
chromatograms, no noticeable carry-over was observed
(Additional file 3: Fig. S3).  ese results prove that all the
analytes have been completely removed in the first des-
orption step.

Results of the method validation examination

e validation data of the developed SPME method
have been evaluated at the optimum conditions, and
the results were summarized in Table 1. e wide linear
ranges (LRs) from 0.10 to 200.00 pg L~! with good lin-
earity (R?>0.99) have been achieved for the entire tar-
get PAHs. e slope of the calibration curves and their
uncertainty are also presented in this table. For all the
target analytes, the Fo,perimentar (fOr the confidence level
of P=95%) was extracted from the experimental calibra-
tion and proved the linearity of the calibration curves.

e LOD and LOQ of the technique were in the range
of 0.03—0.30 and 0.10—1.00 pg L1, respectively. e rela-
tive standard deviation (RSDs) of intra-day and inter-
day for five repeated real samples spiked at two di erent
concentration levels (1 and 25 pg L) were in the ranges
of 1.42-4.82% and 3.75-7.29% (for the concentration of
1 pg L1 and 0.32—2.94% and 1.20—4.09% (for the con-
centration of 25 pg L~1), respectively. e repeatability of
the estimated single fiber represented RSDs value in the
range of 3.58-8.70 (for the concentration of 1 ug L) and
1.42-4.39% (for the concentration of 25 ug L~%). Moreo-
ver, five new fibers were prepared on the same day, under
the same conditions, and stored at laboratory ambient.
In this case, the adsorption e ciency of fibers has been
examined after 1 month. e results did not illustrate any
reduction in the fiber performance, and the RSDs values
were in the range of 0.39-5.30% and 0.17-2.93% for the
spiked samples at the concentration of 1 and 25 pg L1,
respectively. e enrichment factor (EF), based on the
ratio between the analyte concentration in the extraction
phase and its primary concentration, was in the range
of 83—164. e repeatability of the Alu-Ni/GO/NiTAM-
SPME fiber was perfect when a first-hand Alu wire was
employed. e fiber fabrication procedure was easy, and
all the fibers were prepared manually. By fully following
the preparation points and steps, the fabricated fibers
were very similar and over 95% of the products o ered
nice repeatability. It should mention that the physi-
cal polishing of the sorption layer from the fiber surface
and re-coating the second-hand Alu wires create poor
repeatability. In this condition, about 35% of fibers are
faulty, and thus the fibers with similar properties should
be selected to provide acceptable repeatability. Further-
more, a reusability examination of the single fiber illus-
trated that, up to 25 repetitive measurements, there were
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no meaningful changes in the recovery results. How-
ever, after that, about 6.3% of fiber's e ciency has been
diminished. However, in this study, each fiber was not
employed more than 10 times to attain good recoveries
and repeatable results.

Real sample analysis

e Alu-Ni/GO/NITAM-SPME fiber was utilized for
the DI-SPME-HPLC analysis of some PAHs in tomato,
potato and, Sangak breed samples. Initially, the prepared
samples were evaluated for the presence or absence of
the aim analytes.  en, the samples were spiked with
the standard solution of PAHs in two di erent levels of
5.00 and 10.00 ug L. Finally, the simultaneous analysis
of the prepared samples has been performed in five rep-
licated measurements (n=5). e analytical outcomes
for the quantitative determination of target PAHSs in the
real samples and their uncertainty (based on RSD %) have
been reported in Table 2. e uncertainty of the obtained
recoveries is equal to the RSDs calculated from the n-fold
(n=5) investigation in this step. e results proved that
the outer parts of the vegetables and fruits are more con-
taminated, and the amount of PAHSs in the unpeeled sam-
ples was more than peeled samples. In the case of bread
samples, the bread baked in the tandoor (direct heat)
has been more polluted than those baked in the bread
machine (indirect heat). Given that good recoveries were
achieved in all cases (82.90-107.80%), it can conclude
that the proposed method has acceptable performance
in the simultaneous measurement of PAHs in di erent
media and can be employed for the routine analysis of
these compounds.

Besides, the chromatograms obtained by the Alu-Ni/
GO/NIiTAM fiber for the tandoori Sangak samples,
before and after spiking with 25 pg L™, of the target PAHs
are shown in Additional file 4: Fig. S4. As can be seen,
the bread sample was contaminated with acenaphthene,
phenanthrene, anthracene, and pyrene that are most
likely related to the incomplete combustion products.

Given all the obtained results, the good extraction
capacity of the fiber is probably due to the surface high
porosities, high surface area, weak m—m interaction
between the C-bonds of PAHs and GO surface, H-1t
interaction between the —-OH or —-COOH groups of GO
(hydrogen donor) and PAHSs (hydrogen bond acceptor),
and the interaction between the oxygen-containing func-
tional groups of GO (n-electron donor) and the analytes
(m-electron acceptor) [24]. e interaction between the
nitrogen groups of the Ni-complex with PAHs can also
create adsorption prpoperties. In addition, coordination
interaction between Ni-atoms and Ni-ligands in Ni/GO/
Ni-complex with PAH molecules is probably another
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factor influencing the adsorption and extraction e -
ciency of the fiber [51].

Robustness of the proposed method
At first, the robustness of the Alu-wire has been exam-
ined at di erent conditions. For this purpose, a number
of new Alu-wires were separately stored at various tem-
peratures in the range of 20 to 200 °C for 2 h to investi-
gate their thermal stability. In addition, the fiber chemical
stability has been studied by individually immersing a few
new Alu-wires in acetone, acetonitrile, deionized water,
methanol, n-hexane and THF for 6 h (at laboratory tem-
perature=about 30 °C). en all of these fibers were
coated by Ni/GO/NIiTAM sorbent and used for SPME-
HPLC analysis of target PAHs. No significant changes
were observed in the o ered method e ciency. ese
results prove the good physicochemical and mechanical
stability and resistance of the Alu-wire for employing as
the SPME fiber substrate.

In the following, the Ni/GO/NIiTAM sorbent stability
has been evaluated in various temperatures and media.

e thermal stability of the Ni/GO/NIiTAM has been
studied by storing a few coated fibers at di erent temper-
atures, ranging from 0 to 60 °C for 2 h. Additionally, the
chemical stability, adhesion, and swelling behavior of the
Ni/GO/NITAM sorbent have been examined by dipping
a few coated fibers in acetone, deionized water, ethanol,
methanol, NaCl, n-hexane, and THF for 4 h. Except for
NaCl, no noticeable swelling and stripping of the sorbent
have been detected in other cases. erefore, the addi-
tion of salt damages the fiber sorbent and thus sharply
reduces the fiber e ciency. ese studies have been
confirmed that the o ered sorbent keeps its extraction
capacity in many harsh conditions.
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As mentioned, poor adhesion and pouring of the coat-
ing materials are some of the main problems of conven-
tional SPME fibers. As it has been completely explained,
the Ni/GO/NITAM sorbent has shown good stability in
di erent temperature and environmental conditions.
It also did not strip o over time or during the sample
solution stirring, even after several applications. In addi-
tion, the sorbent did not remove from the surface due to
possible contact with hands or various objects or hits.
According to the information obtained in section ‘3.1, the
formation of chemical bonds via the interaction between
the functional groups of the coating and Alu-wire and
also porosities created by the etching process creates
the strong adhesion between the sorbent and the metal
substrate.

Comparison of the presented method e ciency
with the other PAHs determination techniques
Great rigidity, fabrication simplicity, long durability, reus-
ability, eco-friendliness, high e ectiveness, high extrac-
tion capacity and good recovery are the main advantages
of the suggested fiber compared to the commercial ones.
e fabrication cost of each fiber is less than 35 €, which
is very a ordable compared to the commercial fibers,
which have an average price of about 175 €. Accordingly,
due to the reusability of the Alu-Ni/GO/NIiTAM fiber,
the cost of each analysis will reduce. e comparison
results of the proposed procedure with some of the other
similar and non-similar PAHs extraction and determina-
tion methods, at optimum conditions, are summarized in
Table 3. Wide linear range, low values of LODs and RSDs,
high extraction e ciency in the complex matrices, and
good recovery was achieved utilizing the designed Alu-
Ni/GO/NIiTAM-SPME fiber. e extraction time was
also shorter than the similar methods. In addition, the

Table 3 Comparison of the method extraction e ciency with the other PAHs determination techniques

Analytical technique Fiber coating Samples LR(ugL™  LOD(ugL™) RSD% Extraction Refs.
time (min)
DI-SPME-GC-FID DVB/CAR/PDMS Lake water 0.003-0.10  0.003-0.030 0.30-19.00 100 [52]
DI-HS-GC-MS PDMS/DVB Water 0.30-10.00 0.07-0.32 0.60-24.29 80 [53]
HS-GC-FID PDMS/DVB Agqueous sample 0.10-200.00 0.03-1.00 5.00-13.00 30 [54]
D-p-SPE- GC-MS Zeolitic material Water 2.08-208.00 0.10-0.89 003-649 10 [55]
HS-SPME-HPLC-UV 3-(trimethoxysilyl)-1-propanthiol Water 1.00-500 0.03-1.00 410-6.70 20 [56]
DI-SPME-HPLC-FLD PDMS/DVB Water 0.40-169.9 0.07-0.99 9.90-1310 90 [57]
DI-SPME-HPLC-UV CFYM Groundwater; 0.005-100.00 0.14-1.83 440-820 90 [58]
River water
DI-coiled-SPME-HPLC-UV Bone wastes Tab water; 0.01-99.00  0.03-0.10 310-900 70 [59]
Well water;
Roadside soil
DI-SPME-HPLC-UV Nickel/graphene oxide/nickel- Tomato Potato ~ 0.10-2000  0.03-0.30 032-294 30 This work

complex Bread
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comparison of the results with the widely used SPME fib-
ers also proves the better e ciency of the Alu-Ni/GO/
NiTAM-SPME fiber. Besides, generally, the SPME tech-
nique has less solvent consumption than the D-p-SPE
method, and also its devices are much cheaper than the
stir bar sorptive extraction (SBSE) method. erefore,
the proposed procedure can be comfortably used for the
simultaneous and rapid analysis of the selected analytes
in complex matrices.

Conclusion
In this study, an electroless nickelized aluchrom surface
covered with a new coating of graphene oxide/nickel
tetraazamacrocyclic complex has been introduced. Alu
wires are abundantly available at a ordable prices, and
are much more economical than the commercial fused
silica fibers and also do not have their non-stability and
fragility problem. Besides, the introduced sorbent has
high adhesion to the fiber surface (without using any glue,
epoxy, or nafion) and thus will not possess the problem of
coating stripping. Furthermore, the coating possessed a
large surface area due to its porous structure and dem-
onstrated high adsorption capacity for the selected PAHSs.
Simple construction, high durability, easy handling, high
rigidity, nonspecific storage condition, eco-friendliness,
and high precision are some of the other main properties
of the suggested fiber. e presented technique also illus-
trates wide linear ranges, good intra-day and inter-day
precision, low detection limits, and high recoveries (more
than 83%) for the PAHs analysis. Given the results, the
method’s capability for the simultaneous measurement of
the target species in di erent matrices has been proved.
erefore utilizing the method for the routine analysis of
PAHs is suggested.
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Additional le 1: Fig. S1. The optimized parameters during the fiber fab-
rication process: kind of fiber coating (A), etching reagent (B), etching time
(C), concentration of NiCl, (D), pH of plating solution (E), electroless nickel
coating time (F), GO dispersion (G), pH of GO dispersion (H), GO coating
time (I), stirring rate of GO dispersion (J).
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Additional le 2: Fig. S2. The e ect of important experimental factors on
the proposed method e ciency attained by utilizing Alu-Ni/GO/NIiTAM-
SPME fiber: extraction time (A), desorption solvent (B), desorption solvent
volume (C), desorption time (D), pH of sample solution (E) and stirring rate
of sample solution (F).

Additional le 3: Fig. S3. Evaluation of carry-over e ect at the optimized
conditions.

Additional le 4: Fig. S4. Chromatograms obtained with the proposed
Alu-Ni/GO/NITAM-SPME fiber for the tandoori Sangak bread sample (I) and
the same sample spiked with 25.0 pg L™ of the selected PAHS (ll).
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