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Trace determination of heptachlor
in soil samples by Toner@
CuFe,O, nanocomposites

based microextraction-

gas chromatography-mass
spectrometry

Esra Sultan Doru?, Bigra Ali2, Hakan Serbest®™ & Sezgin Bakirdere'***

In this paper, a green, sensitive, and accurate analytical method was described for the determination
of heptachlor at low levels in the GC-MS system. In this context, the preconcentration of heptachlor
was achieved by applying the dispersive solid-phase microextraction (DSPME) method prior to

the separation and quantification in the GC-MS system. Toner@ CuFe,0, nanocomposites were
synthesized by the hydrothermal synthesis method and used as the sorbent for the first time in
literature. Under the optimal conditions determined by the univariate optimization approach, the limit
of detection (LOD) and limit of quantification (LOQ) were found to be 0.61 pg kg2 and 2,0 pg kg3,
respectively, and the sensitivity of the GC-MS system was enhanced by 68.5-fold. The applicability

of the Toner@CuFe,0,-DSPME-GC-MS system was assessed by spiking tests applied to soil samples.
The recovery results in the range of 93.2% and 105.7% obtained by applying the matrix matching
calibration strategy proved the feasibility of the method. The Eco-scale and BAGI tools developed for
green and analytical applicability assessment gave scores of 85 and 65, respectively, confirming that
the method is environmentally friendly and analytically applicable.
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In agricultural and environmental activities, synthetic pesticides have been employed for decades to protect
plants and crops from harmful pests and to control the growth of undesirable organisms caused infestations'.
Since World War II, organochlorine pesticides (OCPs), belong to persistent organic pollutants (POPs), produced
industrially, have been widely used in agriculture to date, particularly due to their proven effectiveness against
insects and other pests. However, the biological accumulation, persistence in the environment, and toxicity of
OCPs have increased the importance of the protection the human health and the ecosystem?. Heptachlor, one
of the OCPs, is a chlorinated dicyclopentadiene compound that was widely employed to control pests such
as termites and disease-carrying insects. However, it was banned in the United States and other developed
countries in the late 1970s due to harmful effects on living metabolism®. Heptachlor and its metabolites have the
potential to persist for long periods in various environments, particularly in soil, around the world. Moreover,
the presence of chlorine heteroatoms, low solubility in water, and a tendency to preferentially separate into the
lipophilic phase render these compounds highly toxic. Due to these toxic effects, heptachlor has been reported
as a carcinogenic hydrocarbon to have disruptive effects on the central nervous system, immune system, and
reproductive system in humans®*. Accordingly, the critical limit for heptachlor exposure that poses a risk to vital
functions or health has been reported as 35 mg m™ 3 by the National Institute for Occupational Safety and Health.
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On the other hand, the permissible exposure limit for heptachlor established by the Occupational Safety and
Health Administration is 0.50 mg m~ 2 for an 8.0-hour time-weighted average'. Consequently, the accurate and
sensitive determination of heptachlor at low levels in various samples where humans are likely to be exposed is
critically important. For this goal, researchers have been focused to achieve the determination of heptachlor with
high accuracy using different analytical techniques.

Chromatography is a frequently used approach for the effective separation and identification of heptachlor.
For this purpose, gas chromatography-electron capture detector (GC-ECD)*®, gas chromatography-mass
spectrometry (GC-MS)*®, liquid chromatography-mass spectrometry (LC-MS)” and high-performance liquid
chromatography - diode array detector (HPLC-DAD)® have been previously reported for the determination
of heptachlor. GC-MS is a powerful tool used for the separation and detection of volatile and semi-volatile
chemicals. Additionally, the mass spectrum obtained from the fragmentation of chemicals in MS systems
enables the high-accuracy identification of chemicals. Unlike the LC-MS system, GC-MS has better peak
capacity, high chromatographic resolution, and a single mobile phase system such as helium gas’. On the
other hand, the lack of these advanced analytical tools to eliminate interference caused by complex sample
matrices reveals the necessity of sample preparation procedures for the determination of trace levels of organic
analytes. The application of sample preparation methods is an important step to minimize interference effects
prior to analytical measurements and increase the accuracy of results. Among these, dispersive liquid-liquid
microextraction (DLLME)!, single-drop microextraction (SDME)!!, hollow-fiber liquid phase microextraction
(HF-LPME)'2, and dispersive solid phase microextraction (DSPME)!® have frequently reported for the
preconcentration of organic analytes. Among them, DSPME is utilized as a versatile method, particularly in
environmental studies, for the preconcentration of analytes with different polarities. The fact that DSPME
significantly reduces solvent dependency enhances its environmentally friendly properties. Futhermore, the
use of different materials as sorbents in the DSPME method has increased the interest in analytical chemistry,
especially in the preconcentration/separation of environmental pollutants such as volatile organic compounds,
persistent organic pollutants, and pesticides from various environmental matrices!*. In few decades, a variety of
sorbent material have been introduced for different purpose. Among them, nanomaterials (NPs) are innovative
materials that contribute significantly to the development of sensitive methods for the detection of trace levels
of pesticides, thanks to their prominent characteristics such as large surface area, numerous active sites, and
different surface functions'®. Furthermore, as scientific research increasingly focuses on innovative materials,
the development of new structures with superior features that reduce costs and labor is becoming increasingly
important. In parallel, the recyclability of waste materials has become a topic of growing interest for the
production of materials through simple synthesis procedures and at low cost. These waste materials contain
plenty of toner particles in ink cartridges, which are separated as electronic waste after duplication and printing
processes. Considering the scale of copying and printing activities worldwide, the fact that toner powder is
separated as waste on a wide amount means that reprocessing these materials will support economic and
scientific development on a global scale!®. The composition of the toner particles in question generally consists
of iron, carbon, silicon, and certain binding polymers, and the toner content varies according to the research
and development formulations of printer manufacturers'”. Thanks to their magnetic properties, toner particles
can be used individually in preconcentration and treatment processes, as well as in combination with different
materials to form composites, thereby serving as sorbent materials with superior properties. On the other
hand, metal ferrites are gaining significant attention due to their outstanding physical and chemical properties,
reduced costs, and simplified synthesis steps. Depending on the crystal lattice type, garnet, hexagonal, and spinel
structures have been reported in the literature!®. In addition, the tendency of metal ferrites to form composite
structures is a promising area of research for the development of new types of materials using toner particles.
Moreover, In light of this, the motivation for our study was to introduce a new sorbent that not only exhibits
an upward trend but also allows for the utilization of waste materials, thereby offering a new perspective on
DSPME-based approaches for the preconcentration/separation of organic and inorganic contaminants.

This study aimed to develop an innovative analytical method for the determination of trace levels of
heptachlor belonging to the insecticide class in soil samples by GC-MS after the preconcentration using a toner-
based CuFe,O, nanocomposite-supported DSPME method. The toner@CuFe,O, nanocomposite structures
synthesized by the hydrothermal method were used as sorbent material for the first time for the preconcentration
of an organic analyte in the literature. This study, which has high economic and environmental contribution
values by converting waste materials into useful materials, is expected to be a good research topic for various
scientific studies.

Materials and methods

Chemicals and reagents

Analytical grade chemicals were used throughout the study to develop the extraction procedure. Heptachlor
standard (CAS:76-44-8, >98.0%) was obtained from Sigma-Aldrich (Darmstadt, Germany). Acetonitrile
(ACN, 2 99.9%) were purchased from Merck (Darmstadt, Germany) to prepare the stock solutions at necessary
concentrations by gravimetrically and used as the extraction solvent. Methanol (= 99.9%) and ethanol (= 99.8%)
were obtained from Merck (Darmstadt, Germany) for the optimization the extraction solvent type. Ultra-
pure water having 18.2 Q-cm as resistance from the Elga Flex 3 Water Purification System was employed
for preparation and dilution of samples, and cleaning of experimental equipment. The toner used in the
nanoparticle synthesis stage was supplied from waste printer cartridges available in our laboratory. Copper (II)
sulfate pentahydrate (CuSO40.5 H,O, = 99%, Merck, Darmstadt, Germany) and iron (II) ammonium sulfate
hexahydrate ((NH,),Fe(S04):0.6 H,O, Carlo Erba, Cornaredo, Italy). Buffer solutions were prepared using
potassium hydrogen phthalate, tris, and sodium tetraborate decahydrate salts obtained from Merck (Darmstadt,
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Germany), at concentrations of 0.40 M, 0.90 M, and 0.12 M, respectively, and hydrochloric acid (37%) and
sodium hydroxide (NaOH) were utilized to adjust the H,O* concentration of the solutions.

Instrumentation
An Agilent HP6890 gas chromatograph consisting of a 5% phenyl-methylpolysiloxane-based HP-5MS column
with dimensions of 30 m x 250 um x 0.25 pm (length x inner diameter x film thickness) and an integrated HP5973
mass spectrometer were utilized for the chromatographic separation and qualitative/quantitative determination
of heptachlor, respectively. High-purity of helium (99.995%) bought from a local supplier (Istanbul, Tiirkiye)
was used as the carrier gas in the GC-MS system with an operating flow rate of 1.2 mL/min and pressure at
14.94 psi. Sample injections were performed in splitless mode, and the injection volume was set to 1.0 uL. The
inlet temperature was fixed at 290 °C. The characteristic ions were set the m/z ratios of 100, 272, and 274 for the
qualitative/quantitative determination of heptachlor. A suitable temperature program was applied to ensure the
effective separation of heptachlor including the initial temperature of 100 °C, 25 °C min~! to 250 °C, 10 °C min™!
to 280 °C, holding at 280 °C for 1.0 min and holding at 300 °C for 1.0 min, respectively. The acquisition was
performed for selective ion monitoring (SIM) mode. The retention time of the heptachlor was determined to be
6.05 min. The chromatograms for heptachlor (10.2, 21.1 and 51 mg kg~! in 100% ACN) are illustrated in Fig. 1.
An Isolab-M1010002 model vortex (Eschau, Germany) and Biocomma SDC-4000 model multitube vortex
(Guangdong, China) were employed to mix the standard/sample solutions during the experiments. In synthesis,
extraction and recovery stages, all samples were centrifuged to effectively separate the phases by using Biobase
BKC- TL5II model centrifuge (Zhangqiu, China). An Heraeus and a Nuve FN120 model oven and (Ankara,
Tiirkiye) were used for the removal the moisture and carrying out the hydrothermal synthesis of toner@CuFe,O,
nanocomposites, respectively. A four-digit Shimadzu (Japan) ATX224R precision balance was utilized for the
preparation of standard/sample solutions by gravimetrically and for weighing solid samples.

Synthesis procedure for toner@CuFe,0, nanocomposites

Toner@CuFe,O, nanocomposites were synthesized by adopting a synthesis procedure in literature using the
hydrothermal method". For this purpose, 100 mg of toner was added into 30 mL of pure water and kept under
ultrasonication for 60 min to enhance the dispersive characteristic. Then, 2.5 g of CuSO4-5 H,O and 7.84 g
(NH,), Fe(SO,),.6H,0 were added into the solution. The pH value of the resulting solution was adjusted to
the range of 10.0-10. 5 by adding 5.0 M of NaOH dropwise to adjust the pH between 10 and 10.5. After pH
adjustment, the final mixture was transferred to a teflon-lined stainless steel autoclave and reacted under
hydrothermal conditions at 180 °C for 24 h. After the reaction was completed, the mixture was cooled to room
temperature. After phase separation, nanoparticles were washed three times with ethanol and ultrapure water
to remove impurities and then were dried in an oven at 50 °C for 24 h. To improve the crystal structure of the
nanoparticles, the calcination process was performed at 600 °C for 4.0 h.

Toner@CuFe,0, DSPE-GC-MS procedure

Initially, 25 mg of nanoparticle was weighed into a 50 mL centrifuge tube. Next, 32 mL of sample/standard
solution in 1.0% ACN was added to the tube containing the nanoparticles. The pH of the sample was adjusted
with 1.5 mL of pH 6.0 buffer solution. The resulting mixture was then vortexed for 40 s to ensure homogenization

Time->

5b0

510

5k 550 540 55 560 5% 550 5ho 5o ol 60 6o 6.40 850

Fig. 1. Chromatograms of heptachlor under optimal GC-MS conditions.
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and then centrifuged at 3000 rpm for 3 min to achieve the phase separation. After centrifugation, the aqueous
phase was carefully decanted and 70 uL of acetonitrile was added to elute the analytes from the surface of sorbent.
Then, separated extraction phase was transferred to a suitable vial and sent to the GC-MS system for analysis.

Samples

The feasibility of developed method was evaluated using soil samples collected from the Horseshoe Island in
Antarctica. Two soil samples were left in an oven at 50 °C for one day to remove the possible moisture. The dried
soil samples were then ground in a mortar to obtain a larger surface area and 1.0 g of soil was gravimetrically
diluted to 20 g with ACN. The mixture was left on a mechanical stirrer for 30 min to ensure effective extraction.
After the centrifugation, resulting extract phase was also filtered through a 0.45 um PTFE filter to remove the
possible particles. The filtered extracts were sent directly to the GC-MS for blank analysis under the specified
system operating conditions, and no analytical signal was detected. Then, heptachlor standards at different
concentrations in the range of 27 and 209 pg kg™'. were added to the sample solution to perform the spiking
experiments under optimum DSPME-GC-MS conditions.

Results and discussion

Important extraction parameters affecting the increase in detection power of the GC-MS system including
pH, buffer volume, sample volume, sorbent amount, mixing type and duration, eluent type and volume were
optimized by a single-variable optimization approach. The mean peak areas and related standard deviation
values were used to evaluate the optimal conditions of method.

The characterization studies of toner@CuFe,O,

The characterization studies of toner@CuFe,0, nanocomposites were performed for morphological
investigation, identify crystalline properties, elemental mapping, evaluation of functional groups and surface
charge by scanning electron microscope (SEM), x-ray diffraction (XRD) techniques, energy dispersive x-ray
spectroscopy (EDS), Fourier transform infrared spectroscopy (FT-IR) and zeta potential, respectively. Figure
2a showed the surface of sorbent via SEM image. In Fig. 2b, the EDS layered image was presented to illustrate
the physical elemental distribution in structure. XRD analyses were carried out at 40 mA and 45 kV generator
settings, with a step size of 0.013° in the 20 angular range of 2.0-90°. The 28 angles obtained with Cu-Ka
radiation with a wavelength of 1.5406 A are shown in Fig. 2c. The dominant peaks were observed at 18.3 (111),
30.0 (220), 36.2 (311), 44.3 (400), 58.3 (511), 62.2 (440) and 75.0 (533) was in accordance with the literature
findings and presented the cubic phase of CuFe,O, (JCPDS No. 06-0545)*-%2 In the EDS elemental mapping
shown in Fig. 2d, the weight percentages of Fe, C, O, Cu, and Si were found to be 55.2%, 4.0%, 16.1%, 24.5%, and
0.2%, respectively. In FT-IR spectrum given in Fig. 2j, C-O bond was observed near 1140 cm™ ! as the stretching
peak resulting of toner, while Fe-O and Cu-O bonds were recorded as spinel structure near 430 and 530 cm™ !,
respectively”>?*. Moreover, zeta potential of sorbent was found to be + 8.6 mV with a mean count rate of 215.9
kpcs and indicates a moderately positive surface charge. These results confirm the successful formation of the
toner@CuFe,0, nanocomposite structure. Accordingly, the distribution of these elements in Fig. 1b was shown
individually in Figs. 2e-i, confirming that they were found within the structure.

Optimization of pH and volume of buffer solution

The acidity of the medium in which the analyte is present is one of the key factors controlling the adsorption
behavior of the analyte. The pH of the solution should be at an appropriate value to ensure maximum interaction
between the analyte and the adsorbent and to achieve high recovery values®®. Accordingly, the acidity level of the
sample medium needs to be set based on the characteristics of the analyte and sorbent. Moreover, the stability
and presence of different molecules at a specific pH level are also important for the formation of molecular
interactions between the analyte and the sorbent®. In highly acidic aqueous environments, iron-containing
nanoparticles tend to dissolve in the solution. This dissolution results in a decrease in the interaction between
the analyte and the adsorbent. Additionally, at low pH levels, hydronium ions in the solution tend to interact
with the nanoparticle surface rather than analyte ion(s), reducing the extraction efficiency of target analyte(s)?’.
Within this scope, five different buffer solutions in the range of pH 4.0-8.0 were tested for the evaluation the
extraction efficiency. As seen in the results given in Fig. 3, the mean peak areas increased from pH 4.0 to pH
5.0 and decreased from pH 5.0 to pH 6.0. Since repeatability of pH 5.0 lower than pH 6.0, pH 6.0 was selected
as the optimal condition. Then, it was determined by additional experiments that 1.5 mL of buffer solution was
sufficient for buffering the solution, and 1.5 mL of pH 6.0 was kept constant throughout the study.

The effect of the initial sample volume

Sample volume is a key factor to evaluate the adsorption capacity of sorbent, increase the preconcentration factor,
and enhance the detection power?®. However, since the use of excessive sample volumes will also increase the
amount of analyte transferred to the active regions of the adsorbent, over-saturation may occur, and extraction
efficiency may be negatively affected. Hence, the determination of the suitable sample volume is a crucial step
in extraction methods®. In this context, extraction efficiency was evaluated under equal conditions for sample
volumes of 8.0, 16, 24, 32, and 40 mL including 1.0 mg kg~ ! heptachlor standard solution in 1.0% of ACN. As
given in Fig. 4, the mean peak areas showed a linear increase from 8.0 mL to 40 mL. The lowest average peak
area was observed at a sample volume of 8.0 mL, while the average peak area for a 40 mL sample volume was
approximately 20% higher than the value observed at 32 mL. However, considering the low reproducibility
recorded for 40 mL and the fact that high sample volume usage is not compatible with an environmentally
friendly approach, the optimal initial volume was selected as 32 mL.
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Fig. 2. (a) SEM image, (b) EDS layered image, (c) XRD image, (d) EDS spectrum mapping, (e-f-g-h-i)
distribution of Fe, O, Cu, Si and C in structure, (j) FT-IR spectrum, respectively.

The effect of sorbent mass

The amount of sorbent employed is one of the critical parameters that directly affects the extraction efficiency. To
elaborate, insufficient sorbent for a certain sample volume leads to low extraction efficiency due to insufficient
surface area®. On the other hand, excessive use of sorbents increases chemical consumption, thereby increasing
both process costs and sorbent consumption, which goes against the principles of green chemistry. Consequently,
using the lowest possible amount of adsorbent helps reduce the volume of the elution solvent during the elution
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Fig. 2. (continued)

stage. As a result of this, the method becomes more environmentally friendly and sustainable®!. Through this
approach, extraction outputs were examined for five different sorbent masses ranging from 7.5, 15, 20, 25, and
30 mg under the same conditions, as well as for a sorbent-free solution. Figure 5 showed that the mean peak
areas increased from 0 mg to 25 mg, reached the highest value at 25 mg, and decreased by approximately 20%
at 30 mg. It was predicted that the desorption solution would be insufficient to elute the analytes from the total
surface area for 30 mg. As a result, considering the enrichment factor and high repeatability, 25 mg was selected
as the optimal sorbent amount.
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Fig. 3. The impact of pH on the extraction efficiency of heptachlor (Experimental conditions: 8.0 mL of 1.0 mg
kg™! heptachlor standard solution in 1.0% of ACN; 15 mg toner@CuFe,O, nanocomposites; 30 s vortex, 75 uL
of ACN for elution) (n=3 represents the standard deviation).
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Fig. 4. The impact of sample volume on the extraction efficiency of heptachlor (Experimental conditions:
different volumes of 1.0 mg kg™! heptachlor standard solution in 1.0% of ACN, 1.5 mL of pH 6.0 buffer
solution; 15 mg toner@CuFe,O, nanocomposites; 30 s vortex; 75 pL of ACN for elution (n=3 represents the
standard deviation).

The effect of the mixing type and mixing period

The interaction force between the sorbent and the analyte directly affects extraction efficiency, and various
agitation methods have been used to increase the interaction between the two phase®’. Moreover, prolonged
interaction of the sorbent with the analyte solution may cause the release of analyte ions from the sorbent surface.
Therefore, optimization of the agitation method and period makes an extraction protocol more efficient®>. In
this context, three different mixing types including ultrasonication, vortex and mechanical shaker were applied
at first step to investigate the interactions between toner@CuFe,O, nanocomposites and heptachlor. Here,
acoustic cavitation plays a significant role as the primary driving force behind the effects of ultrasound-assisted
extraction. The expansion and compression cycles caused by periodically repeated ultrasonic energy generate a
vibration, thereby accelerating the interaction between the analytes in the medium and the sorbent material®*3>.
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Fig. 5. The impact of sorbent amount on the extraction efficiency of heptachlor (Experimental conditions: 32
mL of 1.0 mg kg~! heptachlor solution in 1.0 of ACN%; 1.5 mL of pH 6.0 buffer solution; 30 s vortex; 75 pL of
ACN for elution) (n=3 represents the standard deviation).

4800000 -

3840000 -
« 2880000 A
&
< I
£ 1920000 -
D‘-’ b 4

960000 -

0
Vortex Mechanical Ultrasonication
Shaker
Mixing Type

Fig. 6. The impact of mixing type on the extraction efficiency of heptachlor (Experimental conditions: 32 mL
of 1.0 mg kg™" heptachlor solution in 1.0 of ACN%; 1.5 mL of pH 6.0 buffer solution; 25 mg toner@CuFe,O ;
75 uL of ACN for elution) (n=3 represents the standard deviation).

The vortex mixer generates strong vibrational effects and creates a turbulent vortex flow that enhances agitation
efficiency, while mechanical shaker ensures continuous mixing by increasing contact between the analyte and
the sorbent phase. The recorded results showed in Fig. 6 that the best sorbent and analyte interaction was
observed by vortex agitation based on mean peak areas compared to the other methods. Consequently, vortex
was selected as the optimal mixing type. Then, six different mixing period ranging from 10 to 50 s, and 0 s
(no-mixing) were examined by vortex under equal conditions at a constant stirring rate of 3000 rpm. It was
observed that the mean peak areas increased from 0 to 40 s and close results were recorded between 40 s and 50
s. Therefore, 40 s was selected as the optimal mixing period.

Effect of the desorption solvent type and volume

The desorption process of the analyte(s) and sorbent is primarily dependent on the type of eluent used
throughout the preconcentration protocol. At this point, the eluent helps break the interaction between the
sorbent and analyte(s). For an extraction procedure, major eluent criteria include compatibility with the analyte
and sorbent, the ease of separation of the analyte(s) from the sorbent, and the ability to form complexes®’. Three
different types of organic eluents acetonitrile, ethanol, and methanol were evaluated to investigate the effective
desorption of the heptachlor from the toner@CuFe,O, nanocomposites surface. No significant difference in
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Fig. 7. The impact of eluent volume on the extraction efficiency of heptachlor (Experimental conditions:
32 mL of 1.0 mg kg™ ! heptachlor solution in 1.0 of ACN%; 1.5 mL of pH 6.0 buffer solution; 25 mg toner@
CuFe,O,; 40 s vortex) (n=3 represents the standard deviation).

Method LOD, pgkg™! |LOQ, pgkg™! | R? Linear equation (ug kg™!) | Enhancement in sensitivity
GC-MS 6.2 20.6 0.9997 | y=103.39x—44,279 -
Toner@CuFe,0,-DSPME-GC-MS | 0.61 2.03 0.9989 | y=7077.5x+360.05 68.5

Table 1. Analytical performance of the GC-MS and toner@CuFe,O, based DSPME-GC-MS.

desorption ability was observed between the mean peak areas obtained from the three tested eluent types.
Therefore, acetonitrile was selected as the desorption solvent due to high repeatability.

Moreover, it is important to keep the eluent volume at low levels provides an increase in the enrichment
factor considering the signal to noise ratio®. Therefore, different acetonitrile volumes ranging from 50 to 150
uL were added for the desorption of heptachlor analytes. As shown in Fig. 7, the mean peak areas obtained for
heptachlor gradually decreased as the eluent volume increased due to the dilution of the analyte. Additionally,
the highest two mean peak areas were recorded for 50 uL and 70 pL. Although the highest mean peak area was
recorded at an eluent volume of 50 pL as a numerical output, considering the phase collection difficulties for 50
pL during the operation and the possibility of reduced desorption capability, especially in complex samples, the
optimum acetonitrile volume was determined to be 70 uL, where high reproducibility was achieved.

Assessment of the system analytical performance

Analytical parameters such as limit of detection (LOD), limit of quantification (LOQ), determination coefficient
(R?), linear operating range, and % relative standard deviation (%RSD) are crucial for the analytical evaluation
of the developed systems. All standard solutions were prepared gravimetrically using a sensitive balance. The
calibration plot was established with six different concentrations ranging from 10.8 to 517.5 pg kg™ !. For all
concentrations except 10.8 pg kg™!, the mean peak areas were calculated from three replicate measurements.
Signal to noise (S/N) ratio was defined as the ratio of the peak height of the heptachlor to the baseline noise.
LOD and LOQ calculations were performed by multiplying the standard deviation of the lowest concentration
(S/N=3) at least 7 replicates on the linear calibration plot by three and ten, respectively, and dividing by the
slope of each plot equation. Accordingly, under optimal experimental conditions (32 mL of sample containing
1.0% ACN, 1.5 mL of pH 6.0 buffer solution, 25 mg toner@CuFe,0, nanocomposite, 40 s vortex, 70 uL of ACN),
LOD and LOQ were found to be 6.2 and 20.6 ug kg~ for GC-MS and 0.61 and 2.03 ug kg™! for toner@CuFe,O,
based DSPME-GC-MS, respectively. The increase in the sensitivity of the GC-MS system was determined to be
68.5 by comparing the slopes of the calibration plot equations with the unit of pg/kg for the improved GC-MS
(y=7077.5x+360.05) and GC-MS (y=103.39x-44279) systems. %RSD was 10.7% for the lowest concentration
in calibration plot. The recorded analytical numbers for each system were summarized in Table 1.

Assessment of literature outputs for the heptachlor determination

The analytical performance of the developed method was assessed with similar extraction methods using DSPE,
as reported in the literature for the detection of heptachlor and other organochlorine pesticides. The relevant
results are shown in the Table 2.
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Analytical method LOD Linear range R? EF* | References
IL-uSPE-GC-MS! 036 gL' |1.0-100 pgL~! 0.9974 | 359 | %
AuNPs-SPME-GC-ECD? 0.13pugL! |1.4-7.0pgL! 09880 |- | *
TE-SPME-GC-MS/MS? L6ugL™! | 100-900 ug L~ ! ~093 |- |4
SF-SPME-GC-ECD* 0.17pugL™! | 1.0-1000 pg L~! 0.9926 | - 2
Toner@CuFe,0,-DSPME-GC-MS | 0.61 pgkg™! | 10.8 to 517.5 pgkg™! | 0.9989 | 68.5 | This study

Table 2. A literature brief for the evaluation of analytical performance of other methods. Ionic liquid
micro-solid-phase extraction-gas chromatography-mass spectrometry. 2Gold nanoparticles-solid-phase
microextraction-gas chromatography-electron capture detection. *Thin film-solid-phase microextraction-gas
chromatography-tandem mass spectrometry. *Multiwalled carbon nanotubes/polypyrrole composite coated on
steel fiber based solid-phase microextraction-gas chromatography-electron capture detection. *Enhancement
factor.

Spike concentration, pg kg~! | External calibration recovery+SD, % | Matrix matching calibration recovery+SD, %
SOIL1 | 62.5 118.1+16.5 94.4+12.3

118.4 128.1£9.0 98.7+6.7

207.4 139.4+6.9 105.7+5.1
SOIL2 | 62.9 127.3+£9.0 93.2+6.6

118.0 128.4+27.1 94.3£20

209.5 132.3+£4.0 97.1+2.4

Table 3. Recovery calculations of soil samples employing external and matrix matching calibration strategy
(n=4).*SD: Standard Deviation.

In 2021, Hassan et al. synthesized two ionic liquids based on 4-methylbenzenamine tetrachloroferrate (III)
and 1-naphthylammonium tetrachloroferrate (III) for the preconcentration of heptachlor in environmental
water samples. They achieved a LOD of 0.36 ug L™ ! and an enrichment factor of 35.9 in the GC-MS system using
the ionic liquids, which are solid at room temperature, as sorbents®. In 2017, Gutiérrez-Serpa et al. synthesized
Au nanoparticles as a sorbent for the determination of heptachlor at low levels and recorded an LOD of 0.13 pg
L in a GC-electron capture detection (ECD) system with a narrow working range*’. Most recently, Poojary and
Ghosh introduced a carbon fiber-based thin film-supported SPME method for the determination of heptachlor in
the GC-MS/MS system. The developed method had an LOD of 1.6 ug L™" while the linear working range included
very high concentrations of 100-900 pg L™**!. Asadollahzadeh and Noroozian synthesized the multiwalled
carbon nanotubes/polypyrrole composite to achieve the extraction of heptachlor and a LOD of 0.17 pg L™ was
reported in GC-ECD system?2. As seen, the toner@CuFe,0,-based DSPME-GC-MS method developed within
the scope of this study is comparable to the expensive and complex systems mentioned in other studies, and even
offers an alternative for the high-accuracy determination of heptachlor at different concentrations. On the other
hand, enhancement factor of many studies was not reported in related manuscripts. Despite of them, the toner@
CuFe,04-based DSPME-GC-MS method presented an enhancement in sensitivity as 68.5-fold. Additionally, the
process of recycling toner waste contributes to the creation of high additional value.

Recovery studies

The reliability of an analytical method is evaluated not only by accuracy and precision but also by recovery
test results. Recovery studies are a critical stage in investigating the measurement efficiency of the analyte after
extraction in the real sample. The low recovery percentages obtained may indicate systematic errors such as
losses during the adsorption process, matrix-related interference effects, or insufficient extraction efficiency.
Hence, recovery tests are one of the key parameters in method validation, especially for trace levels of analyte(s),
demonstrating the applicability of the method to real samples and the reliability of quantitative results. The real
samples were specified in the “Samples” section of the preparation stage. Accordingly, the soil samples were
extracted with ACN and extracts were spiked at four different concentrations in the range of 27 and 209 ug kg™
containing the 1.0% of ACN following blank analyses. The peak areas obtained from measurements performed
after the extraction procedure under optimal conditions were evaluated using the external calibration equation.
Recovery results of around 130% for all samples indicated the presence of positive interference. Hence, the
matrix matching calibration plot equations were generated based on the measurement results against the
concentration of each sample. The percentage recovery results for one soil sample were determined using the
calibration plot derived from the other soil sample, and vice versa. As presented in Table 3, the percentage
recoveries for heptachlor were between 93.2% and 105.7 and these results showed the applicability of developed
method with high accuracy.
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Fig. 8. BAGI pictogram of developed method.

Assessment of greenness of the developed DSPME-GC-MS protocol

Today, many scientists adopt the principle of “green chemistry compatibility” in the methodologies they develop/
present. In addition to the analytical goals of the study, environmental sensitivity and practical applicability are
also considered. The green chemistry concept, which includes twelve fundamental principles, was introduced
to the scientific community by Anastas and Warner and has gained worldwide acceptance®’. Consequently,
sustainability has been considered in scientific studies for the protection of human health and the environment,
and various tools such as BAGI*, Eco-Scale*’, AGREEprep*®, AMGS*, ComplexGAPI*, and GAPI* have been
developed to ensure objective green assessments. Among them, The blue applicability grade index (BAGI) is
an important tool utilized as a complement to green chemistry and combines the analytical, ecological, and
practical targets of an analytical method based on the red-green-blue (RGB) model with the blue category,
which encompasses time efficiency, cost efficiency, requirements, and practicality properties?®. In the “Eco-
Scale” tool, penalty points determined based on the type and amount of chemicals and reagents employed in the
procedure, the instruments utilized, and the amount of waste generated are deducted from a total of 100 points,
and the environmental friendliness of the experimental procedures is evaluated based on the final score®. In this
study, BAGI score was found to be 65 based on the criteria list of tool and Eco-scale score was calculated as 85
considering the penalty points. These results demonstrated that the proposed method has excellent green and
practical properties.

Conclusion

Organochlorine pesticides are still widely used. It is important to monitor these chemicals, which cause serious
health problems for humans and other living organisms, not only in products intended for consumption but
also in natural environments such as soil and water that come into close contact with these products. In this
study, an easy-to-apply, environmentally friendly, and innovative analytical method was developed for the
determination of heptachlor. Under the optimal conditions determined by a univariate optimization approach,
LOD was calculated as 0.61 pg kg™ and the sensitivity of the GC-MS system was improved by 68.5-fold. The
feasibility of the developed method was investigated through recovery studies performed on soil samples, and
the recovery results obtained at nearly 100% by the matrix matching calibration strategy demonstrated the
analytical suitability of the method. The assessment of the green and analytical applicability of the method was
carried out using the Eco-scale and BAGI tools, and the recorded scores of 85 and 65, respectively, indicated
that the method is environmentally friendly and analytically applicable. It is expected that the developed toner@
CuFe,0, based DSPME method will contribute to the approach of developing economically valuable methods
by converting waste into useful tools, as well as offering ease of application and high extraction efficiency. On
the other hand, it is anticipated that the DSPME method developed with a nanocomposite synthesized through
an innovative perspective will contribute to the limited number of studies reported in the literature on the
determination of heptachlor.

Data availability

Data will be made available with reasonable request.

Scientific Reports |

(2026) 16:21953 | https://doi.org/10.1038/s41598-026-52527-2 nature portfolio



www.nature.com/scientificreports/

Received: 10 March 2026; Accepted: 6 May 2026
Published online: 13 May 2026

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Bhuvaneswari, R., Nagarajan, V. & Chandiramouli, R. Chemisorption of Heptachlor and Mirex molecules on beta arsenene
nanotubes — A first-principles analysis. Appl. Surf. Sci. 537, 147835 (2021).

da Mikalouski, F. B. Multivariate optimization of dispersive liquid-liquid microextraction solvent-based for the determination of
organochlorine pesticides in water by gas chromatography coupled to mass spectrometry. J. Indian Chem. Soc. 102, 102154 (2025).
Zuo, H. G. et al. A method developed for determination of heptachlor and its metabolites from pork. Environ. Monit. Assess. 186,
2399-2412 (2014).

. Purnomo, A. S., Mori, T., Putra, S. R. & Kondo, R. Biotransformation of heptachlor and heptachlor epoxide by white-rot fungus

Pleurotus ostreatus. Int. Biodeterior. Biodegradation. 82, 40-44 (2013).

. Rallis, G. N., Sakkas, V. A., Boumba, V. A., Vougiouklakis, T. & Albanis, T. A. Determination of organochlorine pesticides

and polychlorinated biphenyls in post-mortem human lung by matrix solid-phase dispersion with the aid of response surface
methodology and desirability function. J. Chromatogr. A. 1227, 1-9 (2012).

. Pizzutti, L. R. et al. A multi-residue method for pesticides analysis in green coffee beans using gas chromatography-negative

chemical ionization mass spectrometry in selective ion monitoring mode. J. Chromatogr. A. 1251, 16-26 (2012).

. Jaus, A. & Oehme, M. Consequences of variable purity of heptakis(2,3,6-tri-O-methyl)-p-cyclodextrin determined by liquid

chromatography-mass spectrometry on the enantioselective separation of polychlorinated compounds. J. Chromatogr. A. 905,
59-67 (2001).

. Champion, W. L. et al. Liquid chromatographic separation of the enantiomers of trans-chlordane, cis-chlordane, heptachlor,

heptachlor epoxide and a-hexachlorocyclohexane with application to small-scale preparative separation. J. Chromatogr. A. 1024,
55-62 (2004).

. Bodur, S. E., Serbest, H. & Bakirdere, S. An analytical method for the determination of pentachloroaniline and pentachlorobenzene

in ginseng tea samples by gas chromatography-mass spectrometry after liquid phase microextraction. Food Chem. 487, 144790
(2025).

Szarka, A., Hrouzkov4, S. & Fast DLLME-GC-MS Method for Determination of Pesticides in Carmelite Drops and Evaluation of
Matrix Effects in Related Medicinal Products. Foods 13, 1745 (2024).

Pécsova, T., Okanovi¢, S. & Hrouzkovd, S. Green Analytical Method Using Single-Drop Microextraction Followed by Gas
Chromatography for Nitro Compound Detection in Environmental Water and Forensic Rinse Water. Molecules 30, 1894 (2025).
Liu, H., Hu, X,, Zhang, J., Ning, H. & Huang, Z. Hollow Fiber-Solid Phase Microextraction of Polycyclic Aromatic Hydrocarbons
from Environment Water Followed by Flash Evaporation GC/MS. Chromatographia 85, 387-394 (2022).

Khorshidi, L. & Aibaghi, B. Synthesis and characterization of a copper-based metal-organic framework and its application in
microextraction and determination of chlorpyrifos by ion mobility spectrometry. Microchem J. 207, 111794 (2024).

Illanad, S. K., Saket, G., Ghosh, C. & S. & Recent advances in solid phase microextraction with various geometries in environmental
analysis. RSC Adv. 14, 27608-27621 (2024).

Aggarwal, A. etal. Nanomaterials for enhanced detection of some organophosphate and organochlorine pesticides: a comprehensive
review of recent advances. J. Nanoparticle Res. 27, 92 (2025).

Babar, S. et al. An innovative transformation of waste toner powder into magnetic g-C3N4-Fe203 photocatalyst: Sustainable
e-waste management. J. Environ. Chem. Eng. 7, 103041 (2019).

Choudhary, D. et al. Recycling of waste toner derived from exhausted printer cartridges as adsorbent for defluoridation of water.
Environ. Technol. Innov. 34, 103572 (2024).

Salih, S. J. & Mahmood, W. M. Review on magnetic spinel ferrite (MFe204) nanoparticles: From synthesis to application. Heliyon
9, 16601 (2023).

Zaman, B. T. et al. Removal of cadmium ions from synthetic wastewater samples by copper ferrite magnetic nanoparticle-assisted
batch-type adsorption-based removal strategy. Environ. Monit. Assess. 196, 1210 (2024).

Vosoughifar, M. Preparation and application of copper ferrite nanoparticles for degradation of methyl orange. J. Mater. Sci. Mater.
Electron. 27, 10449-10453 (2016).

Goya, G. F & Rechenberg, H. R. Superparamagnetic transition and local disorder in CuFe204 nanoparticles. Nanostructured
Mater. 10, 1001-1011 (1998).

Darvish, M. et al. Biosynthesis of Zn-doped CuFe204 nanoparticles and their cytotoxic activity. Sci. Rep. 12, 9442 (2022).
Shehzad, B. et al. Advancements in calcium ferrite-based photocatalysts: Insights into their synthesis and performance in degrading
organic pollutants. Results Chem. 16, 102322 (2025).

Talaei, M., Hassanzadeh-Tabrizi, S. A. & Saffar-Teluri, A. Synthesis of mesoporous CuFe204@SiO2 core-shell nanocomposite for
simultaneous drug release and hyperthermia applications. Ceram. Int. 47, 30287-30297 (2021).

Badawy, M. E. L, El-Nouby, M. A. M., Kimani, P. K,, Lim, L. W. & Rabea, E. I. A review of the modern principles and applications
of solid-phase extraction techniques in chromatographic analysis. Anal. Sci. 38, 1457-1487 (2022). (2022).

Maranata, G. J., Surya, N. O. & Hasanah, A. N. Optimising factors affecting solid phase extraction performances of molecular
imprinted polymer as recent sample preparation technique. Heliyon 7, €05934 (2021).

Mahmoud, A. S. et al. Isotherm and kinetic studies for heptachlor removal from aqueous solution using Fe/Cu nanoparticles,
artificial intelligence, and regression analysis. Sep. Sci. Technol. 55, 684-696 (2020).

Korrani, Z. S., Khalili, E., Kamyab, H., Wan Ibrahim, W. A. & Hashim, H. A new solid phase extraction sorbent developed based on
cyanopropyl functionalized silica nanoparticles for organophosphorus pesticides determination. Environ. Res. 238, 117167 (2023).
Nascimento, M. M., Olimpio da Rocha, G. & Bittencourt de Andrade, J. Simple and effective dispersive micro-solid phase
extraction procedure for simultaneous determination of polycyclic aromatic compounds in fresh and marine waters. Talanta 204,
776-791 (2019).

Ali, B, Biyiik, M. A., Bayraktar, A., Serbest, H. & Bakirdere, S. Waste toner particles based dispersive solid phase extraction for the
trace determination of cadmium in cinnamon tea samples by flame atomic absorption spectrometry. J. Food Compos. Anal. 149,
108636 (2026).

Dmitrienko, S. G., Apyari, V. V., Tolmacheva, V. V., Gorbunova, M. V. & Furletov, A. A. Dispersive and Magnetic Solid-Phase
Extraction of Organic Compounds: Review of Reviews. J. Anal. Chem. 79, 105-118 (2024). (2024).

Abbasalizadeh, A., Sorouraddin, S. M., Farajzadeh, M. A. & Nemati, M. Afshar Mogaddam, M. R. Dispersive solid phase extraction
of several pesticides from fruit juices using a hydrophobic metal organic framework prior to HPLC-MS/MS determination. J. Food
Compos. Anal. 114, 104788 (2022).

Zheng, T. et al. Spherical mesoporous carbon as a dispersive solid phase extraction adsorbent for rapid detection of polychlorinated
biphenyls in cigarette papers via GC-MS. Diam. Relat. Mater. 153, 112117 (2025).

Pérez, R. A. & Albero, B. Ultrasound-assisted extraction methods for the determination of organic contaminants in solid and
liquid samples. TrAC Trends Anal. Chem. 166, 117204 (2023).

Asghari, M., Aladaghlo, Z. & Fakhari, A. R. Simultaneous determination of three organophosphorus pesticide residues in water
and fruit juice samples using magnetic dispersive micro-solid phase extraction coupled with GC-FID. J. Chromatogr. A. 1772,
466816 (2026).

Scientific Reports |

(2026) 16:21953 | https://doi.org/10.1038/s41598-026-52527-2 nature portfolio



www.nature.com/scientificreports/

36. Xiang, C. & Wang, L. Effect of vibration of the vortex mixer on the red blood cells. Transfus. Clin. Biol. 31, 13-18 (2024).

37. Patel, H. Review on solvent desorption study from exhausted adsorbent. J. Saudi Chem. Soc. 25, 101302 (2021).

38. Liu, W. et al. Magnesium ferrite as a dispersive solid-phase extraction sorbent for the determination of organic pollutants using
spectrophotometry. J. Mol. Lig. 382, 121969 (2023).

39. AbdiHassan, A., Sajid, M., Ghafly, A., Alhooshani, K. & H. & Ionic liquid-based membrane-protected micro-solid-phase extraction
of organochlorine pesticides in environmental water samples. Microchem J. 158, 105295 (2020).

40. Gutiérrez-Serpa, A., Rocio-Bautista, P., Pino, V., Jiménez-Moreno, F. & Jiménez-Abizanda A. I. Gold nanoparticles based solid-
phase microextraction coatings for determining organochlorine pesticides in aqueous environmental samples. J. Sep. Sci. 40,
2009-2021 (2017).

41. Poojary, H. & Ghosh, C. Development of a carbon fiber-based microextraction sample preparation patch for the detection of 21
organochlorine pesticides from water. Sci. Rep. 16, 6543 (2026).

42. Asadollahzadeh, H. & Noroozian, E. Solid phase microextraction of organochlorine pesticides in water using MWCNTs-doped
polypyrrole coated on steel fiber. Anal. Methods Environ. Chem. J. 3, 40-51 (2020).

43. Anastas, P. T. & Warner, J. C. Green Chemistry: Theory and Practice (Oxford University PressOxford, 2000). https://doi.org/10.109
3/0s0/9780198506980.001.0001

44. Manousi, N., Wojnowski, W., Plotka-Wasylka, J. & Samanidou, V. Blue applicability grade index (BAGI) and software: a new tool
for the evaluation of method practicality. Green. Chem. 25, 7598-7604 (2023).

45. Galuszka, A., Migaszewski, Z. M., Konieczka, P. & Namie$nik, J. Analytical Eco-Scale for assessing the greenness of analytical
procedures. TrAC Trends Anal. Chem. 37, 61-72 (2012).

46. Wojnowski, W., Tobiszewski, M., Pena-Pereira, F. & Psillakis, E. AGREEprep - Analytical greenness metric for sample preparation.
TrAC Trends Anal. Chem. 149, 116553 (2022).

47. Hicks, M. B. et al. Making the move towards modernized greener separations: introduction of the analytical method greenness
score (AMGS) calculator. Green. Chem. 21, 1816-1826 (2019).

48. Plotka-Wasylka, J. & Wojnowski, W. Complementary green analytical procedure index (ComplexGAPI) and software. Green.
Chem. 23, 8657-8665 (2021).

49. Plotka-Wasylka, J. A new tool for the evaluation of the analytical procedure: Green Analytical Procedure Index. Talanta 181,
204-209 (2018).

Acknowledgements

The soil samples used in recovery tests were collected within the scope of project numbered 1197846, supported
by the Scientific and Technological Research Council of Tiirkiye (TUBITAK) as part of the 4th National Antarc-
tic Science Expedition. We also would like to acknowledge our colleague at Yildiz Technical University, Dr. Elif
Seda Kogoglu for her valuable contribution.

Author contributions

Esra Sultan Doru: Formal analysis, Investigation, Methodology, Validation, Visualization, Writing — original
draft. Biigra Ali: Formal analysis, Methodology, Validation, Writing — original draft. Hakan Serbest: Conceptual-
ization, Formal analysis, Investigation, Methodology, Validation, Visualization, Writing - original draft. Sezgin
Bakirdere: Conceptualization, Investigation, Methodology, Supervision, Validation, Writing - review & editing.

Funding

None.
Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.S. or S.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2026

Scientific Reports |

(2026) 16:21953 | https://doi.org/10.1038/s41598-026-52527-2 nature portfolio


https://doi.org/10.1093/oso/9780198506980.001.0001
https://doi.org/10.1093/oso/9780198506980.001.0001
www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

	﻿Trace determination of heptachlor in soil samples by Toner@CuFe﻿2﻿O﻿4﻿ nanocomposites based microextraction-gas chromatography-mass spectrometry
	﻿Materials and methods
	﻿Chemicals and reagents
	﻿Instrumentation
	﻿Synthesis procedure for toner@CuFe₂O₄ nanocomposites
	﻿Toner@CuFe₂O₄ DSPE-GC–MS procedure
	﻿Samples

	﻿Results and discussion
	﻿The characterization studies of toner@CuFe﻿2﻿O﻿4﻿
	﻿Optimization of pH and volume of buffer solution
	﻿The effect of the ınitial sample volume
	﻿The effect of sorbent mass
	﻿The effect of the mixing type and mixing period
	﻿Effect of the desorption solvent type and volume
	﻿Assessment of the system analytical performance
	﻿Assessment of literature outputs for the heptachlor determination
	﻿Recovery studies
	﻿Assessment of greenness of the developed DSPME-GC-MS protocol

	﻿Conclusion
	﻿References


