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Abstract

The current research aims to develop a simple, sensitive, and green analytical method for
the group extraction/monitoring of 19 organochlorine and organophosphorus pesticides
from fruit juices using microwave radiation to assist a cloud point extraction (MW-CPE) in
combination with re-extraction in hexane and GC-MS/MS detection. The main experimen-
tal factors affecting the CPE and re-extraction have been optimized. The matrix-matched
calibration was performed, and the limit of quantification (LOQ) for all studied pesticides
at optimized conditions ranged between 5 and 47 ng L−1. When applying only 0.25 mL
of hexane for re-extraction, the proposed method shows good accuracy and precision.
The “greenness” of the developed MW-CPE-GC-MS/MS method was assessed using the
AGREE prep software. The method has been successfully implemented in pesticide analysis
in commercially available fruit juices (lemon concentrate and red apple juice). The recovery
values obtained for most analytes were within the range of 71% and 114% and RSD below
20% (exept Heptahlor, Aldrin, o,p-DDD, p,p-DDD and o,p-DDT, p,p-DDT). The developed
method combines a preconcentration with a sample clean-up step due to the extraction of
the pigments into the non-polar micelles during the extraction step, and deposition in the
intermediate layer of MgSO4 during the re-extraction step.

Keywords: cloud point extraction (CPE); experimental design; organophosphorus
pesticides; organochlorine pesticides; gas chromatography–tandem mass spectrometry
(GC-MS/MS)

1. Introduction
Pesticides include a vast range of natural (plant-based) or synthetic compounds used

to prevent or eliminate insects, weeds, and pests. Some inorganic compounds are also
employed as pesticides, but most modern pesticides are organic chemicals [1–3]. Overall,
pesticides benefit farmers and people worldwide by increasing agricultural productivity,
reducing losses from pests, diseases, and weeds, and indirectly benefiting society in numer-
ous ways. In public health, pesticides are used to control disease vectors, thereby helping
prevent illnesses such as malaria, etc. Despite its advantages, uncontrolled pesticide use
has resulted in various forms of pollution and food contamination. Pesticide residues can
spread beyond application sites through evaporation and airborne movement, as well as
soil leaching, erosion, and water runoff. Pesticide drift poses risks to human health, affects
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nearby crops, contaminates conservation areas, soil, water, grass, and other vegetation, and
harms non-target organisms [2,4]. It often leads to indiscriminate damage to aquatic and
terrestrial food webs, ecosystems, and the biodiversity of non-target plants and animals,
including humans [5]. Numerous health problems, including various cancers, diabetes mel-
litus, respiratory illnesses, neurological disorders, neurotoxicity, reproductive syndromes,
leukemia, and oxidative stress, can arise from direct exposure to pesticides and pesticide
residues in food products [1].

There are many classifications (chemical nature, toxicity, target pests, and various
combined classifications) [3], but the most common and practical method of categorizing
pesticides is by their chemical composition and the nature of active ingredients. Among
the various pesticide classes, organochlorine pesticides (OCPs) and organophosphorus
pesticides (OPPs) are particularly notable due to their toxicity, tendency to bioaccumulate,
and potential endocrine-disrupting effects [6–9]. Although some OCPs have been banned
or restricted, due to their persistent nature, residues still appear [10–12]. Meanwhile,
some OPPs are still frequently used in current farming practices and pose risks of both
acute and chronic health effects, particularly on the nervous system [8,9]. The hazards
to the environment and human health connected with the widespread use of pesticides
in modern agriculture have raised questions regarding the safety of these chemicals and
serious concerns about their persistence in food products.

Fruit juices are staples in the human diet due to their high nutritional value and bene-
ficial health properties. They are considered a healthy food for both adults and children
because their production involves fruits containing many vitamins, minerals, organic acids,
sugars, and other nutrients. However, they can also be a source of pesticide contamination
in juice, as pesticides can penetrate through apple skins and remain in fresh fruit or juice [13].
Since juices are widely consumed, effective methods for detecting pesticide residues are
crucial. To ensure food safety, many countries enforce strict residue monitoring standards.
The maximum residue limits (MRL) for pesticide residues and/or their degradation prod-
ucts in products of plant or animal origin are set in Regulation (EC) No 396/2005 [14] and
the Codex Alimentarius (Food and Agriculture Organisation of the United Nations and
World Health Organisation) [15]. Apple and lemon juices are complex food matrices rich in
organic acids, sugars, and aromatic compounds, all of which can interfere with analytical
detection [16]. Accurate and sensitive quantification of trace-level pesticide residues in
such matrices requires an efficient sample preparation method combined with a robust
analytical technique. Traditional extraction techniques—such as liquid–liquid extraction
or solid-phase extraction—often require large volumes of organic solvents, lengthy pro-
cedures, or have limited selectivity [17,18]. In contrast, cloud point extraction (CPE) has
emerged as an environmentally friendly and efficient alternative [19–26]. Based on the
phase separation of non-ionic surfactants at specific temperatures (the cloud point), CPE
provides high enrichment factors while reducing solvent consumption. This makes it
particularly suitable for food safety applications where minimizing environmental impact
and maximizing analyte recovery are both crucial. Due to its high sensitivity, selectivity,
and ability to handle volatile and semi-volatile compounds, gas chromatography–mass
spectrometry (GC-MS) stands out as a preferred technique for pesticide residue detection
and quantification [16]. However, only a limited number of studies have explored the
synergy between CPE and GC-MS for the simultaneous determination of multiple pesticide
classes in complex juice matrices [27–38]. This study is based on a previous investigation
into the compatibility of cloud point extraction combined with re-extraction in organic
solvents and GC-MS/MS detection without a clean-up step prior to injection [38]. The aim
is to develop and optimize a CPE-based method for the extraction and preconcentration of
selected organochlorine and organophosphorus pesticides from apple and lemon juices,
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followed by GC-MS analysis. The results are expected to provide a sensitive, reproducible,
and environmentally conscious approach suitable for routine food safety monitoring.

2. Materials and Methods
2.1. Chemicals and Reagents

The studied pesticides, o,p-DDE, p,p-DDE, o,p-DDT, p,p-DDT, o,p-DDD, p,p-DDD,
alpha-HCH, beta-HCH, gamma-HCH, alpha-Endosulfan, Aldrin, Dieldrin, Endrin, Hep-
tachlor, Heptachlor-endo-epoxide-A, Hexachlorobenzene, Pentachlorobenzene, Chlorpyri-
fos, Chlorpyrifos-methyl (purity ≥ 95%), were supplied from Dr. Ehrenrshtorfer GmbH
(Augsburg, Germany). Ultrapure water (0.056 µS cm−1) was obtained from a Chorus
1 Complete Ultrapure Water System, ELGA, PURELAB® (High Wycombe, UK). Stock
solutions were prepared in acetonitrile at a concentration of 1000 mg L−1, and dilutions
were carried out in hexane. All stock solutions were stored at 4 ◦C. Acetonitrile LC-MS
grade was obtained from Honeywell (Charlotte, NC, USA), and hexane and Triton X-100
were purchased from Sigma–Aldrich (Taufkirchen, Germany).

2.2. Instrumentation, Apparatus and Software

The study was performed by Trace 1300 gas chromatograph (GC) equipped with a PTV
injector using a glass liner (PTV Liner with Three Baffles, 1 mm ID, 2.75 mm OD, 120 mm
Length, Thermo Fisher Scientific, Waltham, MA, USA), combined with TSQ 9000 mass
spectrometer (MS/MS) (Thermo Scientific, Waltham, MA, USA). TG SQC MS column
(15 m × 0.25 mm × 0.25 µm, Thermo Fisher Scientific, Waltham, MA, USA) was used for
chromatographic separations. Helium (99.999%) was used as a carrier gas, and Argon
(99.996%) as a collision gas.

The pesticide analysis was performed under the following conditions: flow rate
1.2 mL min−1, injection volume 1 µL, split ratio 5:1, PTV gradient from 65 ◦C at 14.5 ◦C s−1

to 260 ◦C. The temperature of the column oven was held at 120 ◦C for 1 min, rated with
40 ◦C min−1 to 155 ◦C, 4 ◦C min−1 to 187 ◦C, 1 ◦C min−1 to 194 ◦C, and 12 ◦C min−1 to
260 ◦C, held for 5 min. The solvent cut time was 5 min, and the analysis was 28 min. The
transfer line and the EI temperatures were 250 ◦C and 230 ◦C, respectively. The quantitative
analysis was performed in selected reaction monitoring (SRM) mode [38,39]. It should be
noted that beta-HCH and gamma-HCH, p,p-DDD and o,p-DDT were analyzed as a sum of
their signals because of coelution and the identical SRM transitions.

The limits of detection (LOD) and limits of quantification (LOQ) were calculated using
standard deviations of the weighted regression line intercepts (weighting factor 1 c−2),
based on the 3 s and 10 s criteria [38].

2.3. Other Equipment

As a source of energy input, a microwave system MDS-81D (CEM Corp., Matthews,
NC, USA), with a maximum power of 600 W, was used for conducting CPE. The heating
program applies a maximum power for 4 min, followed by six heating cycles of 5 min each,
with 1 min breaks between (Table 1).

The following additional equipment was used: Lab Dancer vortex (IKA, Staufen im
Breisgau, Germany), KA-1000 centrifuge (Jiangsu Zhengji Instruments Co., Ltd., Jintan,
China), Kerry US ultrasonic bath, and a hot plate. Glass conical tubes with a volume of
12 mL and polypropylene caps were used for sample preparation. The software Statistica®

version 14.1 (TIBCO, Santa Clara, CA, USA) was used for the optimization study and the
visualization of the results. The evaluation of the greenness metric of the developed method
was applied using AGREEprep software: https://git.pg.edu.pl/p174235/agreeprep, ac-
cessed on 15 July 2025 [40].

https://git.pg.edu.pl/p174235/agreeprep
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Table 1. Working conditions for microwave heating in MW-CPE-GC-MS/MS.

Time (min) Energy (W) Tempering Time (min)

Start 600 4
4 0 1
5 300 5
10 0 1
11 300 5
16 0 1
17 300 5
22 0 1
23 300 5
28 0 1
29 300 5
34 0 1
39 300 5

2.4. Microwave-Assisted Cloud Point Extraction in Combination with Re-Extraction in an Organic
Solvent for the Pesticide Analysis in Fruit Juices

The following procedure was optimized and applied for pesticide analysis: 8 mL
of apple juice or 2 mL of lemon juice diluted with 6 mL of water were pipetted into a
12 mL glass tube. 2 mL of 10% (m m−1) aqueous solution of Triton X-100 was added to the
samples (0.2 g of MgSO4 was also added to the diluted lemon juice). The extraction systems
were placed in a water bath and heated in a microwave system (Section 2.3) above the
cloud point temperature for 30 min until two phases were formed: a surfactant-rich phase
(lower layer) and an aqueous phase (upper layer). The tubes were left at room temperature,
24 ◦C ± 2 ◦C, to cool down (~10 min) and placed in a refrigerator (~30 min) to increase
the viscosity of the surfactant-rich phase. The supernatant was removed with a Pasteur
pipette. To reduce viscosity, the surfactant-rich phase was placed in a water bath at 55 ◦C
for 1 min, then 0.25 mL of hexane was added, and re-extraction was performed by vortex
agitation for 1 min. Then, 0.1 g of MgSO4 was added to the resulting emulsion, followed by
subsequent heating in a water bath at 55 ◦C for 1 min, and vortex agitation for 1 min. The
samples were centrifuged for 1 min at 900× g, and then the aliquot volume of 1 µL from
the supernatant (hexane phase) was injected for analysis (Figure 1).

 
Figure 1. MW-CPE-GC-MS/MS procedure for pesticide analysis.

3. Results and Discussion
The application of cloud point extraction (CPE) as an approach for preliminary separa-

tion and concentration of organochlorine and organophosphorus pesticides was investi-
gated in our previous study [38]. As a result, Triton X-100 was selected as a surfactant to
implement the CPE at a concentration of 2% (m m−1), and hexane was chosen as an organic
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solvent for re-extraction. It was found that the procedure is highly robust to the pH of the
initial water sample (from 3 to 11), since it does not affect the extraction efficiency of most
target pesticides. Considering the positive matrix effects evaluated, it was established that
a matrix-matched calibration is the appropriate calibration approach. However, the initial
procedure applied has significant disadvantages, including the use of a low-efficiency
source of energy (hot plate) for the CPE, long re-extraction time (over 12 h), and relatively
large volume (2 mL) of hexane for re-extraction.

In light of these conclusions, this study has focused on endeavors aimed at substituting
or minimizing the volume of organic solvents used, as well as reducing the time required
for sample preparation. The objective is to develop an innovative “green” analytical
methodology for the preconcentration of organochlorine and organophosphorus pesticides
extracted from apple and lemon juices.

3.1. Optimization of Cloud Point Extraction in Combination with Re-Extraction in
Organic Solvent

A series of experiments was conducted in the following optimization study to enhance
the characteristics of CPE and re-extraction, using both a one-factor-at-a-time approach and
a factorial design (central composite design—CCD) [41–43]. Following the principles of
green chemistry, the second approach allows a reduction in the number of experiments and
the consumption of samples, reagents, and energy [44–46].

3.1.1. Optimization of the Extraction Step

• Microwave-assisted cloud point extraction (MW-CPE).

The feasibility of replacing the conventional hot plate with microwave irradiation
was investigated to enhance the energy transfer efficiency to the extraction systems. The
effect of microwave incubation time was examined through a one-factor experiment at 10,
20 and 30 min of microwave treatment. For this purpose, a microwave system equipped
with a carousel, with six external vessels filled with ballast water (~80 mL), was positioned
so that the glass tubes containing the model aqueous solutions (2% (m m−1) Triton X-
100, pesticide concentration 50 µg L−1) were immersed in the water bath. A previously
optimized microwave temperature program, described in Section 2.3, was applied for
heating of the extraction systems. After the prescribed time, 2 mL of water was added to
the surfactant-rich phase and re-extraction with 2 mL hexane was performed, followed by
GC-MS/MS analysis. From the results in Table 2, it can be seen that for most analytes, the
analytical yields obtained were above 80% at 30 min MW treatment. The exceptions were
only found for alpha-HCH, beta and gamma-HCH, whose analytical yields ranged from 60
to 80%.

It was evident that the analytical yields obtained were comparable to or higher than
those obtained with heating on a hot plate [38], but the energy consumption was reduced
by more than quadruple (17 W per sample with MW-CPE versus 70 W per sample with
conventional CPE). Additionally, the time reduction was also significant, as only 4 min
were required to heat a 12 × 80 mL water bath compared to heating the water on a hot
plate (30 min). For this reason, the subsequent CPE experiments were performed using
microwave heating.

• Salting out effect

The influence of ion strength on CPE efficiency was examined by performing the CPE
procedure with added MgSO4 salt at concentrations of 1%, 2%, 3%, 4%, 5%, or 10% (m v−1).
The results indicated that the signals of the target analytes increased with increasing salt
concentration up to 2% (m v−1). For some pesticides, a slight increase in signals was
observed as MgSO4 content rose to 5% (m v−1) (Figure 2).
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Table 2. Analytical yields at 30 min MW incubation time with corresponding SD (%). Conditions:
CPE—2% (m m−1) Triton X-100, initial pesticide concentration 50 µg L−1; re-extraction with 2 mL
added water and 2 mL hexane, 10 min vortex agitation, 15 min centrifugation.

Analyte ER (%) RSD (%)

Pentachlorobenzene 81 3
alpha-HCH 78 5
Hexachlorobenzene 90 3
Beta and gamma-HCH 59 4
Chlorpyrifos-methyl 82 9
Heptachlor 98 2
Aldrin 88 3
Chlorpyrifos 97 3
Heptachlor-endo-epoxide A 89 1
o,p-DDE 90 5
alpha-Endosulfan 89 4
Dieldrin 94 6
p,p-DDE 100 2
o,p-DDD 93 3
Endrin 94 4
p,p-DDD 94 3
o,p-DDT and p,p-DDT 104 4
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Figure 2. Salting out effect at 1%, 2%, 3%, 4% and 5% (m v−1) MgSO4 and without salt content. Con-
ditions: CPE—2% (m m−1) Triton X-100, pesticide concentration 10 µg L−1, 30 min MW incubation
time; re-extraction—2 mL hexane, without added water.

It was observed that the gravitational sedimentation of the surfactant-rich phase was
significantly hindered at a concentration of 10% MgSO4 (m v−1), as a phase with a flocculent
structure and diffuse boundaries settled at the bottom of the reaction tube, most likely due
to the increase in the density of the aqueous medium. Due to the relatively small increase
in analyte signals at concentrations above 2% (m v−1) and to minimize reagents used, it
was preferred to add 2% (m v−1) MgSO4 to the extraction systems at the CPE step.

3.1.2. Re-Extraction Optimization

• Decreasing the surfactant-rich phase viscosity

After the gravitational sedimentation, the obtained surfactant-rich phase was isolated
by pipetting the aqueous phase. The separated surfactant-rich phase still had considerable
viscosity and was not free-flowing, which led to problems in mass transfer during the re-
extraction step. Two approaches were applied to reduce the viscosity of the surfactant-rich
phase: (i) dilution with water in combination with different agitation methods for dispersing
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the organic solvent in the surfactant-rich phase—ultrasonic treatment (ultrasound-assisted
back-extraction—USABE) or vortex agitation (vortex-assisted back-extraction—VABE), or
(ii) heating of the surfactant-rich phase before re-extraction in hexane.

To investigate the effect of adding water in combination with ultrasonic or vortex
agitation, two central composite designs were created for each agitation method using
the statistical software Statistica 14.1.0.8 (TIBCO Statistica, USA). The two factors (water
volume and re-extraction time) have been varied as shown in Supplementary Materials
Tables S1 and S2. A hot plate was used to perform the CPE, and the volume of hexane
for re-extraction was fixed at 2 mL. The remaining experimental parameters were set as
specified in point 2.4.

The results from the two CCDs indicated that both ultrasonic treatment and vortex
agitation lead to comparable responses for all pesticides studied. The dilution of the
surfactant-rich phase leads to an increase in re-extraction efficiency, and the effect be-
comes significant when at least 1 mL of water is introduced. The results obtained for
Pentachlorobenzene applying USABE (a) or VABE (b) are presented in Figure 3. Regard-
ing the time required for dispersing the organic solvent in the surfactant-rich phase, the
results showed that using ultrasound requires at least 20 min. However, when the vortex is
applied, this time is halved to 10 min. From the perspective of reducing extraction time
and enhancing the “green” character of CPE, a vortex can be considered as a preferable
agitation method in further experiments at the re-extraction step.

  
(a) (b) 

Figure 3. The response surface diagrams for Pentachlorobenzene from CCDs representing the signal
dependence on the amount of added water to the surfactant-rich phase and the re-extraction time by
(a) USABE and (b) VABE. Conditions: CPE—2% (m m−1) Triton X-100, initial pesticide concentration
25 µg L−1, MW incubation time 30 min; re-extraction with 2 mL hexane, 15 min centrifugation.

Despite the beneficial effect of the added water on mass transfer efficiency, a lengthy
cooling period (~12 h) in a freezer was still required for the physical separation of hexane
from the surfactant-rich phase. Consequently, the plan to reduce the volume of the organic
solvent would complicate phase separation after re-extraction. Therefore, the possibility of
lowering the viscosity of the surfactant-rich phase through a different method, specifically
heating, was explored. The maximum heating temperature was set as high as possible
without exceeding the coagulation temperature of Triton X-100. It was found that heating
at 55 ◦C for 1 min, immediately before adding hexane, decreased the viscosity of the
surfactant-rich phase. The analytical yields achieved were comparable to those obtained
when 2 mL of water was added to the surfactant-rich phase. Additionally, the reduced
viscosity resulted in a shorter re-extraction time of 1 min by using vortex agitation.
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• Minimization of the organic solvent volume for re-extraction.

In alignment with the trends of “green” analytical chemistry, the feasibility of reducing
the amount of organic solvent used during the re-extraction phase was systematically
examined. A one-variable-at-a-time methodology was employed to achieve this objective,
with the volume of hexane varied at 0.25 mL, 0.5 mL, 1.0 mL, and 2.0 mL. It was noted that,
despite the lower viscosity of the surfactant-rich phase, volumes less than 1.0 mL resulted
in the formation of a stable emulsion, which could only be broken down through extended
cooling in a freezer for a duration exceeding 12 h. This prompted an investigation into an
alternative strategy to break down the emulsion. For this purpose, the salting-out effect
was examined by the addition of 0.05 g, 0.1 g, and 0.2 g of anhydrous MgSO4. The other
experimental parameters for the CPE step were set as specified in Section 2.4. To facilitate
the migration of MgSO4 into the emulsified extraction system, a 1-min tempering at 55 ◦C
was employed, followed by 1 min of vortex agitation and centrifugation at 900× g for 1 min.
It was found that the addition of 0.1 g of salt resulted in the formation of a distinct upper
layer of hexane, even with only 0.25 mL of organic solvent (Figure 4).

 
Figure 4. Aqueous model solutions after CPE and re-extraction. Conditions: CPE—2% (m m−1)
Triton X-100, 2% (m v−1) MgSO4, 30 min MW incubation time; re-extraction—tempering at 55 ◦C for
1 min, 0.25 mL hexane, vortex agitation for 1 min, addition of 0.1 g anhydrous MgSO4, tempering at
55 ◦C for 1 min, vortex agitation for 1 min and 1 min centrifugation at 900× g.

A probable explanation for this phenomenon is that the excess quantity of solid salt
(MgSO4) caused the formation of a saturated salt solution within the surfactant-rich phase,
increasing the polarity of the water contained therein. Thermodynamically, it can be
assumed that this results in the aggregation and enlargement of the dispersed hexane
microdroplets into a separate layer. The formation of an intermediate layer of undissolved
MgSO4 (Figure 4) further facilitated pipetting an aliquot of the hexane for subsequent
analysis. It is noteworthy that, as a consequence of the optimization carried out, the step
involving cooling the samples in a freezer was rendered unnecessary.

To assess the repeatability of the procedure, model solutions were prepared according
to the specified CPE and re-extraction parameters in Section 2.4, using 0.5 mL and 0.25 mL
hexane for re-extraction in parallel. From the results of the analytical yields shown in
Table 3, it is evident that when using 0.25 mL hexane, the analytical yields achieved
decrease, and their repeatability significantly deteriorates compared to those with 0.5 mL
hexane. The reduced repeatability can be explained by both the reduced contact surface
between the water and the organic phase, as well as deterioration in droplet coalescence.
For 0.5 mL hexane, most of the relative standard deviations ranged between 2 and 5%,
whereas the corresponding values for 0.25 mL hexane were in the range from 9 to 14%.
Despite the twofold higher preconcentration factor when using 0.25 mL hexane, the LOQ
did not decrease by a factor of two due to the lower analytical yields. When analyte
concentrations are low—near or below the LOQ—working with a higher preconcentration
factor is generally preferred, even if it slightly reduces precision, as it improves the method’s
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detection capabilities. Considering the expected relatively low concentrations of pesticides
in most samples analyzed (e.g., water, food, beverages, etc.), it was preferred to use 0.25 mL
of hexane during re-extraction.

Table 3. Analytical figures of merit of the developed MW-CPE-GC-MS/MS method. Conditions:
CPE—pesticide concentration 10 µg L−1, 2% (m m−1) Triton X-100, 2% (m v−1) MgSO4, 30 min MW
incubation time; re-extraction—tempering at 55 ◦C for 1 min, 0.25 mL hexane, vortex agitation for
1 min, addition of 0.1 g anhydrous MgSO4, tempering at 55 ◦C for 1 min, vortex agitation for 1 min
and 1 min centrifugation at 900× g, (n = 3).

0.5 mL Hexane 0.25 mL Hexane

Analyte ER (%) RSD (%) LOD
(µg L−1)

LOQ
(µg L−1) ER (%) RSD (%) LOD

(µg L−1)
LOQ

(µg L−1)

Pentachlorobenzene 87 9 0.003 0.009 81 9 0.002 0.005
alpha-HCH 56 4 0.005 0.017 41 8 0.004 0.012
Hexachlorobenzene 92 5 0.003 0.009 82 13 0.002 0.005
beta-HCH and gamma-HCH 46 2 0.003 0.011 38 7 0.002 0.007
Chlorpyrifos-methyl 66 2 0.020 0.067 47 11 0.014 0.047
Heptachlor 89 2 0.003 0.011 74 14 0.002 0.007
Aldrin 94 2 0.004 0.013 83 14 0.002 0.007
Chlorpyrifos 86 2 0.006 0.019 67 13 0.004 0.012
Heptachlor-endo-epoxide A 66 5 0.005 0.018 47 10 0.004 0.012
o,p-DDE 81 3 0.003 0.009 64 13 0.002 0.006
alpha-Endosulfan 83 2 0.005 0.016 66 13 0.003 0.010
Dieldrin 74 3 0.007 0.024 52 12 0.005 0.017
p,p-DDE 92 2 0.004 0.014 74 14 0.002 0.008
o,p-DDD 59 5 0.003 0.011 40 10 0.002 0.008
Endrin 78 6 0.006 0.019 58 12 0.004 0.013
p,p-DDD and o,p-DDT 62 4 0.016 0.052 42 11 0.012 0.039
p,p-DDT 80 4 0.006 0.021 62 13 0.004 0.013

Reducing the re-extraction time (to 5 min) and the organic solvent volume (to 0.25 mL)
were the final steps in developing a sample preparation method based on CPE. The final
sample preparation conditions are given in Section 2.4. The analytical yields achieved
under these conditions ranged from 46 to 94% for 0.5 mL hexane and from 38 to 83% for
0.25 mL hexane, respectively (Table 3).

The reduction in the hexane volume from 0.5 mL to 0.25 mL is beneficial for the green-
ness of the method and for increasing its detection power (lowering the methodological
LODs/LOQs), but inevitably leads to an increase in the method uncertainty. So, in general,
it can be recommended that when the pesticides concentrations are at very low levels (near
the methodological LOQs) 0.25 mL hexane to be used. If the pesticide concentrations in the
sample are relatively high (e.g., near or higher than MRL), then it could be worthy 0.5 mL
of hexane to be used in order to achieve better precision (lower measurement uncertainty).

3.2. The “Greenness” Assessment of the MW-CPE-GC-MS/MS Method—AGREEprep

The “greenness” of the developed method was assessed using the AGREE prep soft-
ware [40] with a maximum score of 1 and green color coding for the low environmental
impact of the method. The pictogram of the proposed method, presented in Figure 5,
displays the distribution according to relevant assessment criteria.
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Legend: 

1. Sample preparation placement;

2. Hazardous materials;

3. Sustainability, renewability and reusability 

of materials;

4. Waste;

5. Size economy of the sample;

6. Sample throughput;

7. Automation/Integration and automation;

8. Energy consumption;

9. Instrumental technique/Post-sample prepa-

ration configuration for analysis;

10. Operator’s safety.

Figure 5. Evaluation of “greenness” of the MW-CPE-GC-MS/MS method using AGREEprep.

From the diagram, it can be seen that the highest scores were obtained under criterion 8
and criterion 10. The reduction in hazardous materials (criterion 2) contributed to a positive
rating under criterion 10, which relates to operator safety during sample preparation. The
lower energy consumption for preparing one sample (17 W per sample), owing to the
equipment employed (a 12-position MV system, an 8-position centrifuge and a vortex),
contributes to a positive rating for criterion 8 compared to using a hot plate. Lower ratings
were obtained for criteria 5, 4 and 3, which relate to sample volume, waste produced, and
use of sustainable materials. A significant negative impact on the rating under criterion
9 is exerted by the GC-MS/MS technique, typically used for pesticide analysis. The
lowest rating was observed under criterion 1 due to the requirement for laboratory sample
preparation. In summary, the final score of 0.50 (yellow code) indicates that the method
has a moderate environmental impact compared to the score of 0.42 calculated for the
classic QuEChERS method (BDS EN 15662:2018) for foods of plant origin. The higher score
obtained for MW-CPE-GC-MS/MS is mainly due to the minimization of the hazardous
materials used (solvents) under criterion 2 and the reduction in the total amount of waste
under criterion 4. The final score of the developed MW-CPE-GC-MS/MS method was
regrettably affected by the necessity for sample preparation in the laboratory, final waste
volume (including the initial sample volume) and the typical analysis technique employed.

3.3. Analysis of Food Samples Using the Developed MW-CPE-GC-MS/MS Method

Maximum residue levels (MRLs) of pesticides in or on food and feed of plant and
animal origin and amendments are specified in Regulation (EC) No 396/2005. For pesticides
not explicitly listed in the regulatory documents, an MRL of 0.01 mg kg−1 applies [14].
Alternative MRLs are specified in the Codex Alimentarius [15]. The low LOQs achieved for
all studied pesticides (Table 3) enable us to utilize the developed MW-CPE-GC-MS/MS
method for analyzing fruit juices. In this work, lemon juice (concentrate with high pulp
content) and red apple juice (pasteurized with pigments) were analyzed.

3.3.1. Analysis of Lemon Juice (Concentrate)

Due to the high pulp content of the lemon juice (fruit pieces/vesicles from the fruit
endocarp), different dilution factors (DF = 1.25, 1.67, 2.5 and 5) were employed during the
CPE step (Section 2.4) To evaluate the accuracy of the MW-CPE-GC-MS/MS method, each
sample was spiked with target analytes at a concentration of 10 µg L−1, in triplicate. It was
observed that using DF = 1.25 did not result in the formation of a surfactant-rich phase,
likely due to the high density of the aqueous phase. When higher dilution factors were
used, the sedimentation of the surfactant-rich phase was not deteriorated. The highest
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analytical yields, ranging from 72 to 114% were obtained when diluting lemon juice with
DF = 5 (Table 4).

Table 4. Analytical yields of 10 µg L−1 pesticide addition to lemon juice (DF = 5) obtained by the
MW-CPE-GC-MS/MS, (n = 3).

Analyte ER (%) RSD (%) Methodological LOQs (µg L−1) MRL * (µg L−1)

Pentachlorobenzene 114 5 0.025 10
Hexachlorobenzene 91 15 0.025 10
alpha-HCH 72 11 0.060 10
beta and gamma-HCH 62 10 0.035 10
Chlorpyrifos 88 14 0.060 10
Chlorpyrifos-methyl 74 14 0.235 10
Heptachlor 76 22 0.035

Sum of 10Heptachlor-endo-epoxide A 65 12 0.060
Aldrin 78 22 0.035

Sum of 10Dieldrin 78 15 0.085
Endrin 86 17 0.065 10
alpha-Endosulfan 87 13 0.050 50
o,p-DDE 77 16 0.030

Sum of 50
p,p-DDE 87 20 0.040
o,p-DDD 76 26 0.040
p,p-DDD and o,p-DDT 78 26 0.195
p,p-DDT 95 26 0.065

* MRLs for pesticides [14].

Notably, the analytical yields obtained for some of the analytes were statisti-
cally identical to those calculated for model solutions (Table 3). For certain target
analytes—Pentachlorobenzene, Hexachlorobenzene, Chlorpyrifos, p,p-DDE, Endrin and
p,p-DDT—the analytical yield values were close to 100%. Yields lower than 70% were ob-
served only for beta and gamma-HCH, and Heptachlor-endo-epoxide A. The concentration
of these pesticides can be easily calculated in real samples by applying a correction factor
for partial extraction.

3.3.2. Analysis of Red Apple Juice

To assess the analytical potential of the developed MW-CPE-GC-MS/MS method for
analyzing highly pigmented samples, red apple juice was chosen. Due to its high pigment
content, the sample was diluted with DFs of 1.25, 1.67, 2.5, and 5. The accuracy was tested
by spiking each sample with target analytes at a concentration of 10 µg L−1, in triplicate.
The samples were subjected to the extraction procedure described in Section 2.4. It was
found that for each target analyte, similar analytical yields were obtained at DF = 1.67, 2.5
and 5, unlike at DF = 1.25, where the formation of a surfactant-rich phase was not observed.
The possible reason for this could be the increased density of the aqueous phase. To test
this, the CPE was performed without adding 2% (m v−1) MgSO4. It was observed that
without this addition, the formation of a surfactant-rich phase was not hindered (Figure 6a),
and the analytical yields were comparable to the yields for diluted samples and statistically
identical to those for model solutions (Table 3). Notably, the developed method combines a
preconcentration step and a sample clean-up step, as shown in Figure 6. From Figure 6b),
it can be seen that the pigments were extracted into the non-polar core of the micelles
during CPE. In the re-extraction step, the pigments were deposited in the intermediate
layer of MgSO4. Finally, the hexane phase remains colorless (Figure 6c). The last effect
can be explained by the higher polarity of the pigment molecules compared to the ones



Separations 2025, 12, 231 14 of 17

of the pesticides. The analytical yields, calculated using matrix-matched calibration, are
presented in Table 5.

   

(a) (b) (c) 

Figure 6. Sample preparation steps of a red apple juice at DF = 1.25 (a) surfactant-rich phase obtained
without addition of MgSO4 at the CPE step, (b) at the re-extraction step with 0.25 mL hexane and
(c) after centrifugation.

Table 5. Analytical yields for red apple juice samples at 10 µg L−1 pesticide concentration (DF = 1.25)
obtained by the MW-CPE-GC-MS/MS, (n = 3). Conditions: CPE—pesticide concentration 10 µg L−1,
2% (m m−1) Triton X-100, without addition of 2% (m v−1) MgSO4 in the aqueous phase, microwave
incubation for 30 min; 10 min re-extraction by vortex and addition of 0.1 g MgSO4, (n = 3).

Analyte ER (%) RSD (%) Methodological LOQs (µg L−1)

Pentachlorobenzene 88 8 0.006
alpha-HCH 51 8 0.015
Hexachlorobenzene 83 6 0.006
beta and gamma-HCH 41 9 0.009
Chlorpyrifos-methyl 60 6 0.059
Heptachlor 79 9 0.009
Aldrin 87 5 0.009
Chlorpyrifos 82 9 0.015
Heptachlor-endo-epoxide A 64 10 0.015
o,p-DDE 73 9 0.008
alpha-Endosulfan 76 7 0.013
Dieldrin 71 8 0.021
p,p-DDE 83 8 0.010
o,p-DDD 57 7 0.010
Endrin 74 9 0.016
p,p-DDD and o,p-DDT 58 8 0.049
p,p-DDT 66 4 0.016

4. Conclusions
Novel microwave-assisted CPE, using Triton X-100 as a surfactant combined with

re-extraction in hexane for the group separation and preconcentration of 19 studied pes-
ticides (organochlorine and organophosphorus), has been implemented in GC-MS/MS
analysis. The proposed analytical method has significantly lower methodological LOQs
(for some pesticides) than the MRL values for food samples. The analytical yields achieved
were in the range of 70–120% and characterized by satisfactory precision, successfully
applying matrix-matched calibration. Based on the recovery studies, it can be concluded
that the combined MW-CPE-GC-MS/MS method can be applied for pesticide control in
fruit juices. The “green” character of the developed MW-CPE-GC-MS/MS method was
evaluated with a score of 0.50, using AGREEprep software. An important emphasis and
essential for the successful implementation of subsequent GC-MS/MS analysis is that
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the preliminary sample preparation procedure includes the preconcentration of the target
analytes simultaneously with a clean-up step that separates the pigments of the samples.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/separations12090231/s1, Table S1: CCD matrix for ultrasound-
assisted re-extraction optimization with two factors: water volume added and re-extraction time.
Table S2: CCD matrix for vortex-assisted re-extraction optimization with two factors: water volume
added and re-extraction time.
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45. Gałuszka, A.; Migaszewski, Z.; Namieśnik, J. The 12 Principles of Green Analytical Chemistry and the SIGNIFICANCE Mnemonic

of Green Analytical Practices. TrAC Trends Anal. Chem. 2013, 50, 78–84. [CrossRef]
46. Anastas, P.; Eghbali, N. Green Chemistry: Principles and Practice. Chem. Soc. Rev. 2010, 39, 301–312. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.trac.2023.117113
https://doi.org/10.1007/s13197-018-3546-7
https://doi.org/10.1080/03067310601068841
https://doi.org/10.2116/analsci.20.1353
https://doi.org/10.1016/j.aca.2006.01.002
https://doi.org/10.1021/ac048267u
https://doi.org/10.1021/ac9009963
https://doi.org/10.1016/j.talanta.2016.07.029
https://doi.org/10.1016/j.chroma.2005.07.075
https://www.ncbi.nlm.nih.gov/pubmed/16233868
https://doi.org/10.1016/j.chroma.2009.03.029
https://doi.org/10.1016/j.foodchem.2010.12.122
https://doi.org/10.1007/s11696-022-02431-6
https://doi.org/10.1016/j.jhazmat.2008.02.081
https://doi.org/10.1016/j.talanta.2023.125445
https://doi.org/10.1016/j.talanta.2024.126967
https://doi.org/10.1016/j.trac.2022.116553
https://doi.org/10.1016/j.sampre.2023.100079
https://doi.org/10.1016/j.trac.2022.116530
https://doi.org/10.1016/j.trac.2013.04.010
https://doi.org/10.1039/B918763B
https://www.ncbi.nlm.nih.gov/pubmed/20023854

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Instrumentation, Apparatus and Software 
	Other Equipment 
	Microwave-Assisted Cloud Point Extraction in Combination with Re-Extraction in an Organic Solvent for the Pesticide Analysis in Fruit Juices 

	Results and Discussion 
	Optimization of Cloud Point Extraction in Combination with Re-Extraction in Organic Solvent 
	Optimization of the Extraction Step 
	Re-Extraction Optimization 

	The “Greenness” Assessment of the MW-CPE-GC-MS/MS Method—AGREEprep 
	Analysis of Food Samples Using the Developed MW-CPE-GC-MS/MS Method 
	Analysis of Lemon Juice (Concentrate) 
	Analysis of Red Apple Juice 


	Conclusions 
	References

