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Abstract

The quality of edible oils is significantly affected by autoxidation of lipids, which alters their flavor and nutritional quality
through production of toxic materials like aldehydes (an important class of oil deterioration markers). Herein, an ami-
no-silica nanospheres/polypyrrole (ASNS/PPy) nanocomposite sorbent was synthesized and used as the fiber coating for
headspace solid-phase microextraction (HS-SPME) of aldehydes in edible oils, followed by gas chromatography (GC)
separation and determination. Amino-silica nanoparticles were prepared by an amended Stober method and compos-
ited with polypyrrole during its electropolymerization on the surface of a platinized stainless-steel fiber. The synergy
between in-situ electropolymerization and rough surface of the platinized metal substrate created a durable fiber coating
with unique uniformity, cohesiveness, and adsorption properties. The synthesized nanocomposite was characterized
using Fourier transform infrared spectroscopy and scanning electron microscopy techniques. The performance of the
prepared fiber was optimized by investigating the affecting variables including extraction temperature and time, stirring
rate, and desorption conditions. The obtained limits of detection for hexanal and heptanal in sunflower oil were 0.005-
0.009 ug mLL. The prepared fiber exhibited excellent repeatability and reproducibility with the intra-fiber and inter-fiber
relative standard deviations in the ranges of 3.9-8.8% and 7.3-15.1%, respectively. The proposed HS-SPME-GC strategy
was successfully applied for the analysis of aldehydes in commercial edible oil samples.

Keywords: Amino-silica nanospheres; polypyrrole nanocomposite; headspace solid-phase microextraction; edible oil;

aldehydes.

1. Introduction

Researchers have recently paid more attention to ed-
ible oils because of their importance in human health and
nutrition. The quality of edible oils depends on their ori-
gin, processing, and oxidation state. The main edible oil
components are saturated and unsaturated fatty acids.!
Oxidation is the main reason for the instability of edible
oils and causes a change in chemical and nutritional prop-
erties of oils. Oxygen in the air causes unsaturated fatty
acids of edible oil to undergo non-enzymatic self-oxida-
tion, leading to the production of peroxides.>> Aldehydes
are an important class of lipid oxidation products, well-
known for their health risks. They are a major cause of un-
pleasant odor of rancid oil. Therefore, quantification of al-
dehydes (as chemical markers) in edible oils is of great

importance for quality control purpose. There is a wide
range of saturated and unsaturated aldehydes and ketones
in oxidized edible oils, however, short chain aldehydes like
hexanal and heptanal are more abundant. Therefore, these
compounds are the most used biomarkers for the quality
control of edible oils, due to their higher concentrations in
oxidized edible oils. Despite huge advances in chemical
analysis, sample pretreatment of edible oils for oxidation
stability studies is still mostly performed using classical ex-
traction methods like solvent extraction and Soxhlet
which are tedious, time-consuming, and expensive. More-
over, these methods usually use toxic organic solvents and
reactive chemical compounds which can expose operators
and/or samples to hazardous materials.* Accordingly, de-
velopment and application of novel and green methods for
chemical analysis of edible oils is now a necessity.
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Solid-phase microextraction (SPME) is a green sol-
vent-free sample pretreatment technique, demonstrated to
be a promising method for the sampling of organic com-
pounds in food, biological, and environmental samples.®
SPME can be easily coupled with different chromato-
graphic techniques, automated, and portabilized. The most
widely used mode of SPME is headspace (HS), which ex-
tracts analytes from the upper atmosphere of the sample,
without direct contact with the sample matrix. HS-SPME
is the best choice for the sampling of volatile and semi-vol-
atile organic compounds. That is why HS-SPME has been
widely used for the sampling of odors, flavors, and fra-
grances in food samples.!® Extensive efforts have been de-
voted to expanding applicability and improve performance
of SPME, particularly by preparation of new sorbents us-
ing nanomaterials. Compared to the commercial sorbents,
nanomaterial-based sorbents benefit from higher porosity,
larger surface-to-volume ratio, better thermal and chemi-
cal stability, more selectivity, and higher extraction effi-
ciency.®> Among these, silica nanoparticles have received
more attention due to their abundance, cheapness, various
available surface modification methods, high porosity and
adsorption power, and non-toxicity.”~® To improve the ex-
traction efficiency and selectivity, silica nanoparticles have
been composited with different materials like TiO,,!
graphene oxide (GO),!! Fe;0,'2 and conductive poly-
mers.!*> Among conductive polymers, polypyrrole (PPy)
and its derivatives have attracted much consideration in
SPME techniques due to their significant advantages in-
cluding non-toxicity, low-cost, thermal stability, and par-
ticularly simple synthesis routes.!* As a unique and prom-
ising feature in the preparation of SPME sorbents, thin
layers of PPy with controllable properties can be coated on
conductive surfaces like stainless-steel through in-situ
electropolymerization during electrophoretic deposition
(EPD) from different aqueous or organic solutions.!> For
this reason, different composites of PPy like graphene/
polypyrrole,'®!7 magnetite nanoparticles/polypyrrole,'8
multiwalled carbon nanotubes/ polypyrrole,'® functional-
ized graphene and ionic liquid co-doped polypyrrole,°
and iron oxide/silica/polypyrrole?! have been successfully
employed for the preparation of SPME fibers. The efficien-
cy of PPy composites (e.g., polypyrrole/graphene oxide)
for the extraction of aldehydes in edible oil has been previ-
ously demonstrated through a reduced-pressure fi-
ber-in-needle technique.??

In this research, amino-silica nanospheres (ASNS)
were synthesized and composited with PPy during its
in-situ electropolymerization on the surface of a stain-
less-steel fiber. The ASNS/PPy coated fiber was applied for
the HS-SPME sampling of aldehydes (hexanal and heptan-
al) in edible oils. The analytes were quantified using gas
chromatography-flame ionization detection (GC-FID),
without derivatization. To the best of our knowledge
ASNS/PPy has not been previously reported as a SPME
fiber coating.

2. Materials and Methods
2. 1. Chemicals

Analytical reagent grade aldehydes were obtained
from Merck (Darmstadt, Germany). Stock standard solu-
tions (1000 mg L!) of hexanal (Hex) and heptanal (Hep)
were prepared in methanol and stored at 4 °C. Working
standard solutions were prepared by dilution of the stock
solution in double distilled water, on a daily basis. Pyrrole
(> 99%) was provided by Fluka (Buchs, Switzerland). Pyr-
role was redistilled and stored in a dark bottle under nitro-
gen atmosphere in a refrigerator before each use. Tetraeth-
yl orthosilicate (TEOS, 98%), succinic anhydride,
N,N-dimethylformamide (DMF) and, N,N-dicyclohexyl-
carbodiimide (DCC) were purchased from Merck. Analyt-
ical grade potassium hexachloroplatinate(IV) (K,PtCly),
ethanol, methanol, NaNO; NaOH, LiClO,, concentrated
hydrochloric acid (HCl), and aqueous ammonia (NH; aq)
solutions were purchased from Merck.

2. 2. Gas Chromatographic Analysis

A Shimadzu GC-2010 Plus AF gas chromatograph
(Shimadzu, Kyoto, Japan), equipped with a split/splitless in-
jector (SPL-2010 Plus) and a flame ionization detector
(FID-2010 Plus), was used for the gas chromatographic sep-
arations and determinations. It used GC solution software
(version 2.4) and a BP-5 fused-silica capillary column (30 m
x 0.25 mm x 0.25 um). Ultra-high purity nitrogen was used
as the carrier gas with a constant flow rate of I mL min'!. All
SPME injections were performed in splitless mode. The ini-
tial column temperature was set at 60 °C and then increased
to 100 °C at a rate of 4 °C min~'. Finally, it was ramped to
280 °C ata rate of 70 °C min~". The GC detector and injector
were maintained at 300 and 280 °C, respectively. Hydrogen
and zero-air were used as the FID gases at flow rates of 30
and 300 mL min~!. Nitrogen was used as the make-up gas
with a flow rate of 30 mL min~!. Fourier transform infrared
(FT-IR) spectra were obtained in the transmittance mode,
by a Shimadzu FT-IR 8400 spectrometer. Scanning electron
microscopy (SEM) micrographs were recorded using a
CM120 Vega field-emission scanning electron microscope
(TESCAN, Brno, Czech Republic), to investigate the surface
morphology of the nanocomposite.

2. 3. Preparation of ASNS/PPy Coated SPME
Fiber

Silica nanospheres was prepared through hydrolysis
of TEOS according to an amended version of Stober’s
method.” For synthesis of ASNS, 20 mg of silica nano-
spheres was dispersed in 20 mL of DMF in an ultrasonic
bath. Then, 20 mL of succinic anhydride solution (0.1 M)
was added dropwise, and the suspension stirred for 24 h.
Finally, the precipitate was centrifuged, rinsed with DME,
and dried in a vacuum oven at 60 °C for 4 h.
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To create a porous, high surface area and robust fiber
substrate, the surface of stainless-steel fiber (4 cm length
and 0.075 mm i.d.) was platinized based on an EPD meth-
0d.? Then, the fiber was coated by ASNS/PPy nanocom-
posite via intercalating of ASNS in PPy during electropo-
lymerization of pyrrole, using a two-electrode electro-
chemical system. To this end, 0.08 g ASNS was dispersed
in 10 mL pyrrole solution (containing 0.1 M LiClOy). The
platinized fiber was connected to the anode and a normal
stainless-steel wire was connected to the cathode of a DC
power supply and immersed into the suspension. The dis-
tance between the electrodes was 2.0 cm and a 1.0 V DC
voltage applied to the electrodes for 20 min. Then, the fiber
was removed from the electrochemical cell and rinsed
with water and ethanol and dried. Before the first use the
fiber was preconditioned under nitrogen atmosphere for
30 min at 280 °C.

2. 4. HS-SPME Sampling of Aldehydes in
Edible Oils

Using a blank sample matrix (model matrix) is es-
sential to optimize an extraction method in a reliable way.
This fact is more serious for the analysis of complex sample
matrices like edible oils. In this research, a liquid oil sam-
ple was used as the model matrix, after being processed to
remove its aldehyde content. For this purpose, 500 mL of
sample oil was poured into a 1000-mL vacuum container
and subjected to vacuum for 20 min at 25 °C along with
continuous stirring. Under the vacuum, aldehyde contents
were removed from the oil matrix, resulting in a model
matrix without aldehydes. It was stored at 4 °C in a fridge
under nitrogen atmosphere to prevent further oxidation
and production of aldehydes. The absence of aldehydes in
the model sample was checked by using GC analysis. To
optimize the parameters affecting the extraction efficiency,
3 mL of model sample was transferred to a 10 mL SPME
vial and spiked with known concentrations of the analytes.
Then, the vial was capped, and the sample was homoge-
nized by sonication for 2 min. After that, the extraction
vial was placed into a water bath on a hotplate-magnetic
stirrer at 50 © and stirred at 750 rpm. The ASNS/PPy fiber
was mounted on a handmade fiber holder and exposed to
the headspace of the sample for 15 min. Finally, the fiber
was retracked and immediately injected into the GC injec-
tion port for thermal desorption of the extracted analytes
at 280 ° for 1 min.

3. Results and Discussion

Regardless of the physicochemical stability of the
coating and fiber substrate, a serious problem in commer-
cial and homemade SPME fibers is weak adhesion between
the coating and the fiber substrate. Hence, the coating is
easily stripped or exfoliated from the substrate after expo-

sure to high temperature, organic solvents, and/or me-
chanical tension. Two complementing strategies have been
suggested to address this problem, the first chemical bond-
ing of the coating to the substrate? and the second rough-
ening the surface of the substrate.?® Fortunately, to prepare
industrial protective and anticorrosion coatings for stain-
less-steel extensive studies have been done and deep
knowledge developed.?® For example, Vasconcelos et al.?’
prepared a very highly thermally stable and substantially
corrosion resistant coating for stainless-steel using silica
thin-films through a sol-gel technique. Accordingly, in this
research, the surface of the stainless-steel fiber was plati-
nized to create a rough and increased surface area sub-
strate. The effectiveness of this method has been well prov-
en in our previous studies.®?>?® This research tried to
fabricate a very durable SPME fiber by electrodeposition
of ASNS/PPy on the rough surface of platinized stain-
less-steel fiber.

3. 1. Characterization of ASNS/PPy
Nanocomposite

To characterize the chemical bonds in the structure
of SNS, ASNS, and ASNS/PPy, their FT-IR spectra were
recorded (Fig. 1). The absorption peak at 1099 cm™! (indi-
cating O-Si-O bond) and the peaks appearing at 802.33
and 470.60 cm™! (correspond to the symmetric stretching
and rocking vibrations of Si-O-Si, respectively) show the
polymeric structure of silica. The presence of N-H bond in
the ASNS structure can be clearly inferred from the vibra-
tional peak 1635 cm™!. While ASNS/PPy nanocomposite
characteristic peaks can be seen at 1099 cm™
(0-Si-O bond), 1554 cm™ (N-H and C-N bonds), 1635
cm™! (N-H bond), 1658 cm™ (C=0 bond), 2927 cm™
(C-H bond), and 3417 cm™! (O-H bond).?

SEM micrographs of ASNS and ASNS/PPy nano-
composite were recorded to evaluate their morphological
surface features, as depicted in Fig. 2. The spherical con-
figuration of the silica nanospheres and their particle size
uniformity are obvious in Fig. 2a. Additionally, conical
pillars of PPy can be clearly observed in Fig. 2b and 2c.
These conical pillar structures can be considered as the
grown (thickened) forms of PPy nanowires, as has been
shown previously.?® Mechanical strength of the coating
was tested by scraping the fiber coating using a knife to
simulate its possible damage by the edge of the protecting
needle during the injection/withdraw cycles.3! It was
found that the ASNS/PPy coating was difficult to be
scraped using a knife. The thermal stability of the fiber
was demonstrated by performing up to 90 extractions,
each followed by a thermal desorption step in the GC in-
jector at 280 °C. To evaluate the stability of the ASNS/PPy
coated fiber against organic solvents, it was directly im-
mersed in ethanol, acetone, acetonitrile, hexane, and
methanol for 30 min. Then, the fiber was rinsed with wa-
ter and conditioned in GC injector for 10 min at 250 °C to
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Fig. 1. FT-IR spectra of SNS (a), ASNS (b), and ASNS/PPy nanocomposite (c).

Fig. 2. SEM micrographs of (a) SNS, (b and ¢) ASNS/PPy nanocomposite at different magnifications, and (d) the ASNS/PPy coated stainless-steel
fiber.

remove any possible solvent residues, before extracting
the analytes. The results demonstrated that the fiber was
resistant to organic solvents and the extraction efficiency
didn’t change significantly (< 5%).

3. 2. Optimization of the Extraction
Conditions

To achieve the highest extraction efficiency, the im-
portant influential variables including desorption time,
desorption temperature, sampling temperature, sampling
time, and stirring rate were optimized. To ensure the com-
plete transfer of the extracted analytes from the fiber to the
chromatographic column and acquire accurate results, de-
sorption conditions must be optimized first. Accordingly,
desorption temperature and desorption time were investi-
gated in the ranges of 200-300 °C and 1-4 min, respective-
ly. The highest peak areas were observed at desorption
temperatures more than 280 °C and at desorption time of
1 min, with the minimum carryover effect (< 5%). There-
fore, 280 °C and 1 min were selected as the optimal de-
sorption conditions for further investigations.

3. 2. 1. Effect of Sampling Temperature

Extraction temperature is one of the main influential
parameters affecting the equilibration of analytes between
the headspace and fiber coating, and consequently on the
extraction efficiency, particularly for volatile analytes like
short-chain aldehydes. Higher temperatures improve the
release of analyte from the sample matrix and increase
their concentrations in the headspace, leading to an in-
crease in the extraction amounts. Simultaneously, tem-
perature of the fiber coating also rises and reduces the an-
alyte trapping, due to the exothermic effect of adsorption
process. For this reason, HS-SPME sampling temperature
needs to be optimized carefully.*> Therefore, sampling
temperature was evaluated over the range of 40-90 °C. As
can be seen from the results (Fig. 3a), the peak areas of the
analytes increased by raising sample temperature. This fact
can be explained by the formation of more aldehydes by
raising the sample temperature (due to increased lipid ox-
idation), as substantiated in previous investigations.??
Therefore, it was better to select a temperature from the
most stable part of the graph (Fig. 3a), with minimal fluc-
tuations of response with temperature change. Therefore,
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Fig. 3. Dependence of the extraction efficiency of the developed HS-SPME method on sample temperature (a), stirring speed (b), and extraction
time (c). Comparison of the ASNS/PPy coated fiber with commercial polyacrylate fiber and a homemade PPy fiber (d), under the optimized condi-
tions (extraction time, 20 min; stirring rate, 600 rpm; desorption temperature: 280 °C; and desorption time, 1 min; repeated three times).

50 °C was chosen as the optimal HS-SPME sampling tem-
perature.

3. 2. 2. Effect of Sample Stirring Speed

Increasing the stirring speed in HS-SPME improves
the mass transfer and increases concentration of analytes in
the sample headspace. Furthermore, the time required to
achieve thermodynamic equilibrium is reduced. To evaluate
this effect, stirring speed was varied over the range of 200-
1000 rpm and GC-FID peak areas of the analytes were re-
corded. The results depicted in Fig. 3b show that the peak
areas for both analytes increase with raising the stirring speed
up to 750 rpm and then remain nearly constant. So, 750 rpm
was chosen as the optimal stirring speed for further studies.

3. 2. 3. Effect of Sampling Time

To achieve the highest extraction efficiency, the ex-
traction time was examined in the range of 5-40 min. As

shown in Fig. 3¢, peak areas of both analytes increased by
prolonging the extraction time up to 15 min and then re-
mained constant. Thus, 15 min was chosen as the ex-
traction time for further experiments.

3. 3. Analytical Performance

To evaluate the quantitative analytical figures of
merit of the developed method, its linear dynamic ranges
(LDRs), limits of detection (LODs), and relative standard
deviations (RSDs) for the extraction of Hex and Hep from
edible oil samples were investigated, under the optimized
conditions. The calibration graphs were linear over the
range of 0.03-20 pg mL~! for hexane and 0.05-25 pg mL™!
for heptanal, with linear regression coeflicients greater
than 0.998. The LODs correspond to the analyte amounts
for which the signal-to-noise ratio was equal to 3, and
were found to be 0.005 for hexanal and 0.009 pug mL"! for
heptanal. The precision was assessed by obtaining the
RSDs including repeatability (intra-fiber) and reproduc-

Table 1. Analytical figures of merit of the HS-SPME-GC procedure for the sampling and quantification of hexanal and heptanal in edible oil.

RSD% (n = 6)

. 2 -1 -1

Analyte Equation R LDR (ug mL™) LOD (pg mL™1) Intra-fiber Inter-fiber
Hexanal y =1139.4x + 5807.1 0.9989 0.03-20 0.005 3.9 7.3
Heptanal y =209.09x + 1586.2 0.9982 0.05-25 0.009 8.8 15.1
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ibility (inter-fiber), which varied between 3.9-8.8% and
7.3-15.1%, respectively (Table 1). A single fiber was used
for more than 90 extractions (extraction/desorption cy-
cles) without significant change (< 5%) in its extraction
efficiency.

To evaluate reliability and applicability of the ASNS/
PPy coated fiber, it was compared with a commercial PA
coated fiber and a homemade PPy coated fiber, under the
optimized conditions (Fig. 3d). The results demonstrated
that the ASNS/PPy fiber was remarkably more efficient
than the tested fibers for the extraction of the aldehydes in
edible oils.

3. 4. Comparison of the Proposed Method
with Similar Reported Procedures

To further indicate the supremacy of the proposed
microextraction strategy, its significant features were com-
pared with some of the similar reported microextraction
methods.?>33-3¢ As can be seen in Table 2, the proposed
procedure shows wider linear ranges and acceptable RSDs,
compared to most of the listed procedures. Additionally,
the LODs are lower than most of the reported methods,
even compared to the method that used a MS detector.>
However, its LODs and LDRs are not comparable with the

reduced-pressure fiber-in-needle method (RP-FIN) tech-
nique, which has used a low-pressure dynamic microex-
traction strategy.?? Anyhow, the proposed method uses a
low-cost and durable fiber and instrumentation (GC-FID),
without any derivatization methods.

3. 5. Determination of Hexanal and Heptanal
in Edible Oils

To test the applicability of the developed method, it
was applied for the determination of hexanal and heptanal
in three commercial sunflower oil samples of different
brands, produced at different dates. Samples 1, 2, and 3
had been produced 35, 36, and 4 months before the analy-
sis time, respectively. The samples had been stored un-
opened at the same conditions. To ensure the reliability of
the HS-SPME-GC-FID strategy, each sample was also
spiked with 1 pg mL™! of the analytes and subjected to the
analysis, three times. As shown by the results in Table 3,
acceptable recoveries and RSDs were obtained, indicating
that the developed method can be successfully applied for
the quantification of aldehydes and study of oxidative sta-
bility of edible oils. Fig. 4 shows a typical GC-FID chro-
matogram of a sunflower oil, analyzed by the developed
HS-SPME-GC-FID method.

Table 2. Comparison of the developed HS-SPME-GC procedure with some similar microextraction procedures for the analysis of aldehydes in edi-

ble oils.
LDR LOD Intra-fiber Inter-fiber .
i Mat; Ref.
Method Extraction phase (ugmLY) (ngmL-l) RSD (%) RSD (%) atrix e
- Heated soybean,
USABE-GC-FID*  Triton X-114in CHCl; ~ 0.05-20  20-150 2-4 coed s
sunflower, and olive oils
- P t, soybean,
HS-SPME-GC-FID PDMS/CAR 0.05-10 5-10 8.9 camil, soybean .y
and olive oils
Sunfl d d
HS-SPME-GC-FID  DVB/CAR/PDMS - 160-350  4.02-8.53 e Tt
SPME-GC-MS PDMS/PEG 0.02-1 6-15 8.9-11.2 9.3-16.2 Sunflower oil 38
- Corn, sunflower, soybean,
RP-FIN-GC-FIDP PPY/GO 0.0007-50 1-8 5.9-9.0 olive, canola, and sesame
oils 24
Thi
HS-SPME-GC-FID ASNS/PPy 0.03-25 5-9 39-88  7.3-15.1 Sunflower oil ok

2 Ultrasound-assisted back extraction reverse micelles method coupled with GC-FID. P Reduced-pressure fiber-in-needle coupled with GC-FID.

Table 3. HS-SPME-GC-FID sampling and determination of hexanal and heptanal in commercial edible oil samples

using the ASNS/PPy coated fiber.

. . _ Found (ug mL1) Recovery (%)
Edible ofl Added (ug mL™) Hexanal 8 Heptanal Hexanal I}-,Ieptanal
Sample# 1 0 0.67 1.79 - -

1 1.58 2.73 90 93
Sample# 2 0 9.34 8.99 - -

1 10.28 9.87 94.5 88.5
Sample# 3 0 0.56 0.09 - -

1 1.43 0.93 86.8 84.2
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Fig. 4. A GC-FID chromatogram of a sunflower edible oil sample after HS-SPME sampling using an ASNS/PPy coated fiber.

4, Conclusions

Amino-functionalized silica nanospheres/polypyr-
role (ASNS/PPy) composite was synthesized, character-
ized, and employed to prepare a SPME fiber. First ASNS
was synthesized via a green sol-gel procedure. They were
then dispersed into a pyrrole solution, in a tow-electrode
electrochemical cell, and coated on the surface of a plati-
nized stainless-steel fiber, during electropolymerization of
polypyrrole. By combining the features of a platinized me-
tallic surface and an in-situ electropolymerization, a highly
porous and durable SPME fiber was obtained. The sorp-
tion efficiency and durability of the fiber was confirmed by
successful extraction of aldehydes from edible oil samples.
The results demonstrated that the developed fiber and
methodology can be effectively applied for the sampling
and trapping of volatile and semi-volatile analytes in food,
biological, and environmental samples.

5. References

1. S. Jiang, Y. Xie, M. Li, Y. Guo, Y. Cheng, H. Qian and W. Yao,
Evaluation on the oxidative stability of edible oil by electron
spin resonance spectroscopy, Food Chem. 2020, 309, 125714.
DOI:10.1016/j.foodchem.2019.125714

2. K. Hu, Z. Huyan, S. Ding, Y. Dong and X. Yu, Investigation on
food packaging polymers: Effects on vegetable oil oxidation,
Food Chem. 2020, 315, 126299.
DOI:10.1016/j.foodchem.2020.126299

3.Y. Jiang, M. Su, T. Yu, S. Du, L. Liao, H. Wang, Y. Wu and H.
Liu, Quantitative determination of peroxide value of edible
oil by algorithm-assisted liquid interfacial surface enhanced
Raman spectroscopy, Food Chem. 2021, 344, 128709.
DOI:10.1016/j.foodchem.2020.128709

4.7.-F Liu, B.-F Yuan and Y.-Q. Feng, Determination of hex-
anal and heptanal in human urine using magnetic solid phase

9.

10.

11.

extraction coupled with in-situ derivatization by high per-
formance liquid chromatography, Talanta 2015, 136, 54-59.
DOI:10.1016/j.talanta.2015.01.003

. V. Jalili, A. Barkhordari and A. Ghiasvand, A comprehensive

look at solid-phase microextraction technique: A review of
reviews, Microchem. ] 2020, 152, 104319.
DOI:10.1016/j.microc.2019.104319

. A. R. Ghiasvand, L. Setkova and J. Pawliszyn, Determina-

tion of flavour profile in Iranian fragrant rice samples using
cold-fibre SPME-GC-TOF-MS, Flav. Frag. J. 2007, 22, 377~
391. DOI:10.1002/11.1809

.F. Harati, A. Ghiasvand, K. Dalvand and P. R. Haddad,

Fused-silica capillary internally modified with nanostruc-
tured octadecyl silica for dynamic in-tube solid-phase micro-
extraction of polycyclic aromatic hydrocarbons from aqueous
media, Microchem. ] 2020, 155, 104672.
DOI:10.1016/j.microc.2020.104672

. E. Akbari, A. Ghiasvand and K. Dalvand, Nanostructured oc-

tadecylsilica chemically coated stainless-steel fiber for vacu-
um-assisted HS-SPME sampling of PAHs in soil, Microchem.
]2020, 158,105201. DOI:10.1016/j.microc.2020.105201

N. Heidari, A. Ghiasvand and S. Abdolhosseini, Amino-sil-
ica/graphene oxide nanocomposite coated cotton as an effi-
cient sorbent for needle trap device, Anal. Chim. Acta 2017,
975,11-19. DOI:10.1016/j.aca.2017.04.031

Z. Es’haghi and E. Esmaeili-Shahri, Sol-gel-derived magnet-
ic SiO,/TiO, nanocomposite reinforced hollow fiber-solid
phase microextraction for enrichment of non-steroidal an-
ti-inflammatory drugs from human hair prior to high per-
formance liquid chromatography, J. Chromatogr. B 2014, 973,
142-151. DOI:10.1016/j.jchromb.2014.09.030

K. Molaei, H. Bagheri, A. A. Asgharinezhad, H. Ebrahimza-
deh and M. Shamsipur, SiO,-coated magnetic graphene ox-
ide modified with polypyrrole-polythiophene: A novel and
efficient nanocomposite for solid phase extraction of trace
amounts of heavy metals, Talanta 2017, 167, 607-616.
DOI:10.1016/j.talanta.2017.02.066

Hamdi et al.: In-Situ Intercalating of Silica Nanospheres ...


https://doi.org/10.1016/j.foodchem.2019.125714
https://doi.org/10.1016/j.foodchem.2020.126299
https://doi.org/10.1016/j.foodchem.2020.128709
https://doi.org/10.1016/j.talanta.2015.01.003
https://doi.org/10.1016/j.microc.2019.104319
https://doi.org/10.1002/ffj.1809
https://doi.org/10.1016/j.microc.2020.104672
https://doi.org/10.1016/j.microc.2020.105201
https://doi.org/10.1016/j.aca.2017.04.031
https://doi.org/10.1016/j.jchromb.2014.09.030
https://doi.org/10.1016/j.talanta.2017.02.066

Acta Chim. Slov. 2022, 69, 322-330

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

E. Esmaeili-Shahri and Z. Eshaghi, Superparamagnet-
ic Fe;0,@Si0, core-shell composite nanoparticles for the
mixed hemimicelle solid-phase extraction of benzodiaze-
pines from hair and wastewater samples before high-perfor-
mance liquid chromatography analysis, J. Sep. Sci. 2015, 38,
4095-4104. DOI:10.1002/jssc.201500743

D. Chen, S. Ma, X. Zhang, X. Wang, M. Gao, J. Li and H.
Wang, Enhanced extraction of organophosphorus pesticides
from fruit juices using magnetic effervescent tablets com-
posed of the NiFe,0,@SiO,@PANI-IL nanocomposites, RSC
Adv., 11,1668-1678. DOI:10.1039/DORA09100F

W. Fang, X. Jiang, H. Luo and J. Geng, Synthesis of graphene/
SiO,@polypyrrole nanocomposites and their application for
Cr(VI) removal in aqueous solution, Chemosphere 2018, 197,
594-602. DOI:10.1016/j.chemosphere.2017.12.163

J. Wu, W. M. Mullett and J. Pawliszyn, Electrochemically
controlled solid-phase microextraction based on conductive
polypyrrole films, Anal. Chem. 2002, 74, 4855-4859.
DOI:10.1021/ac025595q

J. Zou, X. Song, J. Ji, W. Xu, J. Chen, Y. Jiang, Y. Wang and X.
Chen, Polypyrrole/graphene composite-coated fiber for the
solid-phase microextraction of phenols, J Sep Sci 2011, 34,
2765-2772. DOI:10.1002/jssc.201100303

C. Zhang, Z. Zhang and G. Li, Preparation of sulfonated
graphene/polypyrrole solid-phase microextraction coating
by in situ electrochemical polymerization for analysis of trace
terpenes, J. Chromatogr. A 2014, 1346, 8-15.
DOI:10.1016/j.chroma.2014.04.043

H. Zhao, M. Huang, ]. Wu, L. Wang and H. He, Preparation of
Fe;0,@PPy magnetic nanoparticles as solid-phase extraction
sorbents for preconcentration and separation of phthalic acid
esters in water by gas chromatography-mass spectrometry, J.
Chromatogr. B 2016, 1011, 33-44.
DOI:10.1016/j.jchromb.2015.12.041

L. Chen, W. Chen, C. Ma, D. Du and X. Chen, Electropoly-
merized multiwalled carbon nanotubes/polypyrrole fiber for
solid-phase microextraction and its applications in the deter-
mination of pyrethroids, Talanta 2011, 84, 104-108.
DOI:10.1016/j.talanta.2010.12.027

J. Du, E Zhao and B. Zeng, Preparation of functionalized
graphene and ionic liquid co-doped polypyrrole solid phase
microextraction coating for the detection of benzoates pre-
servatives, Talanta 2021, 228, 122231.
DOI:10.1016/j.talanta.2021.122231

A. Ghiasvand, N. Heidari and S. Abdolhosseini, Iron oxide/
silica/polypyrrole nanocomposite sorbent for the comparison
study of direct-immersion and headspace solid-phase micro-
extraction of aldehyde biomarkers in human urine, J. Pharm.
Biomed. Anal. 2018, 159, 37-44.
DOI:10.1016/j.jpba.2018.06.052

A. Ghiasvand, M. Behfar and E. Yazdankhah, Reduced-pressure
fiber-in-needle sampling of aldehydes for room temperature
assessment of edible oils’ oxidative stability, Chromatographia
2019, 82, 1405-1414. DOI:10.1007/s10337-019-03752-7

A. Ghiasvand, S. Dowlatshah, N. Nouraei, N. Heidari and
E Yazdankhah, A solid-phase microextraction platinized

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

stainless steel fiber coated with a multiwalled carbon nano-
tube-polyaniline nanocomposite film for the extraction of
thymol and carvacrol in medicinal plants and honey, J. Chro-
matogr. A 2015, 1406, 87-93.
DOI:10.1016/j.chroma.2015.06.052

Z. Feng, C. Huang, Y. Guo, P. Tong and L. Zhang, Chemical
bonding of oxygenated carbon nitride nanosheets onto stain-
less steel fiber for solid-phase microextraction of phthalic
acid esters, Anal. Chim. Acta 2019, 1084, 43-52.
DOI:10.1016/j.aca.2019.08.015

C. Liu, X. Zhang, L. Li, J. Cui, Y.-e. Shi, L. Wang and J. Zhan,
Silver nanoparticle aggregates on metal fibers for solid phase
microextraction-surface enhanced Raman spectroscopy de-
tection of polycyclic aromatic hydrocarbons, Analyst 2015,
140, 4668-4675. DOI:10.1039/C5AN00590F

M. Aparicio, A. Jitianu, G. Rodriguez, A. Degnah, K. Al-Mar-
zoki, J. Mosa and L. C. Klein, Corrosion potection of AlSI
304 stainless steel with melting gel coatings, Electrochim. Acta
2016, 202, 325-332. DOI:10.1016/j.electacta.2015.12.142
D. C. L. Vasconcelos, J. A. N. Carvalho, M. Mantel and W.
L. Vasconcelos, Corrosion resistance of stainless steel coated
with sol-gel silica, J. Non-Cryst. Solids 2000, 273, 135-139.
DOI:10.1016/50022-3093(00)00155-1

S. Abdolhosseini, A. Ghiasvand and N. Heidari, A high area,
porous and resistant platinized stainless steel fiber coated by
nanostructured polypyrrole for direct HS-SPME of nicotine
in biological samples prior to GC-FID quantification, J. Chro-
matogr. B2017, 1061-1062, 5-10.
DOI:10.1016/j.jchromb.2017.06.042

L. Zhang, Y. Xiong, E. Ou, Z. Chen, Y. Xiong and W. Xu,
Preparation and properties of nylon 6/carboxylic silica na-
nocomposites via in situ polymerization, J. Appl. Polym. Sci.
2011, 122,1316-1324. DOI:10.1002/app.33967

C. Yang, S. Zhang and C. Guan, Polypyrrole nanowires coat-
ed with a hollow shell for enhanced electrochemical perfor-
mance, Mater. Res. Bull. 2018, 100, 116-119.
DOI:10.1016/j.materresbull.2017.12.015

C. Wen, M. Li, W. Li, Z. Li, W. Duan, Y. Li, J. Zhou, X. Liand J.
Zeng, Graphene deposited onto aligned zinc oxide nanorods
as an efficient coating for headspace solid-phase microextrac-
tion of gasoline fractions from oil samples, J..Chromatogr. A
2017, 1530, 45-50. DOI:10.1016/j.chroma.2017.11.016

K. Dalvand and A. Ghiasvand, Simultaneous analysis of
PAHs and BTEX in soil by a needle trap device coupled with
GC-FID and using response surface methodology involving
Box-Behnken design, Anal. Chim. Acta 2019, 1083, 119-129.
DOI:10.1016/j.aca.2019.07.063

Z. Ramezani, R. Mirzajani and F. Kardani, A novel ultra-
sound-assisted back extraction reverse micelles method cou-
pled with gas chromatography-flame ionization detection for
determination of aldehydes in heated edibles oils, Food Chem.
2015, 188, 30-36. DOI:10.1016/j.foodchem.2015.04.112

C. Ma, J. Ji, C. Tan, D. Chen, F. Luo, Y. Wang and X. Chen,
Headspace solid-phase microextraction coupled to gas chro-
matography for the analysis of aldehydes in edible oils, Ta-
lanta 2014, 120, 94-99. DOI:10.1016/j.talanta.2013.11.021

Hamdi et al.: In-Situ Intercalating of Silica Nanospheres ...

329


https://doi.org/10.1002/jssc.201500743
https://doi.org/10.1039/D0RA09100F
https://doi.org/10.1016/j.chemosphere.2017.12.163
https://doi.org/10.1021/ac025595q
https://doi.org/10.1002/jssc.201100303
https://doi.org/10.1016/j.chroma.2014.04.043
https://doi.org/10.1016/j.jchromb.2015.12.041
https://doi.org/10.1016/j.talanta.2010.12.027
https://doi.org/10.1016/j.talanta.2021.122231
https://doi.org/10.1016/j.jpba.2018.06.052
https://doi.org/10.1007/s10337-019-03752-7
https://doi.org/10.1016/j.chroma.2015.06.052
https://doi.org/10.1016/j.aca.2019.08.015
https://doi.org/10.1039/C5AN00590F
https://doi.org/10.1016/j.electacta.2015.12.142
https://doi.org/10.1016/S0022-3093(00)00155-1
https://doi.org/10.1016/j.jchromb.2017.06.042
https://doi.org/10.1002/app.33967
https://doi.org/10.1016/j.materresbull.2017.12.015
https://doi.org/10.1016/j.chroma.2017.11.016
https://doi.org/10.1016/j.aca.2019.07.063
https://doi.org/10.1016/j.foodchem.2015.04.112
https://doi.org/10.1016/j.talanta.2013.11.021

330

Acta Chim. Slov. 2022, 69, 322-330

35.]. Gromadzka and W. Wardencki, Static headspace sampling 36. E Hasanli, S. Mohammadiazar, M. Bahmaei and A. A. M.

and solid-phase microextraction for assessment of edible oils Sharif, Coating of sol-gel film on silver nanodendrite as a
stability, Chromatographia 2010, 71, 81-86. novel solid-phase microextraction fiber for determination of
DOI:10.1365/5s10337-010-1516-y volatile aldehydes in edible oils, Food Anal. Methods 2018, 11,

2149-2157. DOI:10.1007/s12161-018-1189-y

Povzetek

Na kakovost jedilnih olj znatno vpliva avtooksidacija lipidov, ki spremeni njihov okus in prehransko kakovost zaradi
nastanka strupenih snovi, kot so aldehidi (pomemben razred oznacevalcev razkroja olja). V naSem primeru smo sin-
tetizirali nanokompozitni sorbent: nanokroglice iz amino-silicijevega dioksida/polipirola (ASNS/PPy), ki smo ga upora-
bili kot prevleko za vlakno za mikroekstrakcijo na trdno fazo iz nadprostora (HS-SPME) aldehidov iz jedilnih olj, sledila
pa je lo¢ba in dolo¢itev s plinsko kromatografijo (GC). Nanodelci iz amino-silicijevega dioksida so bili pripravljeni
po prirejeni Stoberjevi metodi in skupaj s polipirolom z elektropolimerizacijo deponirani na povrsino platiniziranega
vlakna iz nerjavecega jekla. Sinergija med in-situ elektropolimerizacijo ter grobo povr$ino platiniziranega kovinskega
substrata je ustvarila odporno prevleko vlakna z edinstveno enakomernim nanosom, kohezivnostjo in adsorpcijskimi
lastnostmi. Sintetizirani nanokompozit smo okarakterizirali z infrarde¢o spektroskopijo s Fourierjevo transformacijo ter
z vrsti¢no elektronsko mikroskopijo. U¢inkovitost pripravljenega vlakna smo optimizirali s spreminjanjem pogojev, kot
so temperatura in ¢as ekstrakcije, hitrost mesanja in pogoji desorpcije. DoseZene meje zaznave za heksanal in heptanal
v son¢ni¢nem olju so bile 0,005-0,009 pg mL-!. Pripravljeno vlakno je imelo odli¢no ponovljivost in obnovljivost z rel-
ativnimi standardnimi odmiki 3,9-8,8 % za eno vlakno ter 7,3-15,1 % med vlakni. Predlagano HS-SPME-GC metodo
smo uspe$no uporabili za analizo aldehidov v komercialnih vzorcih jedilnih olj.
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