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Sustainable dispersive liquid—liquid
microextraction method utilizing a natural deep
eutectic solvent for determination of
chloramphenicol in honey: assessment of the
environmental impact of the developed method

Heba Shaaban

The greening of pharmaceutical analysis is gaining interest, and different approaches have been proposed,
such as minimizing the consumption of hazardous reagents, replacing toxic solvents with safer alternatives,
and reducing waste generation. In this work, a natural deep eutectic solvent (NADES) was synthesized and
utilized as a green alternative in dispersive liquid—liquid microextraction (DLLME) for the determination of
chloramphenicol in honey. Different deep eutectic solvents composed of monoterpenoids and acids
were tested. The NADES system composed of menthol and acetic acid at a molar ratio of 1:1 was found
to be the most appropriate in terms of extraction recovery. Different DLLME parameters including vortex
time, centrifugation time, sample volume, and deep eutectic solvent volume were optimized. A
determination coefficient of 0.9997 was achieved. Satisfactory recovery ranged from 98.8 to 101.5 with
% RSD =4.5. The chromatographic performance of the presented method compared with other
previously documented methods for determination of chloramphenicol in honey was highlighted.
Additionally, the ecological impact of the developed method was assessed employing three tools: the
Analytical Eco-scale, the Green Analytical Procedure Index, and the Analytical GREEnness metric. The
presented method can be regarded as a green substitute for the traditional methods used for the
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1. Introduction

There has been great interest in the greening of pharmaceutical
analysis over the last few decades. The implementation of green
analytical chemistry (GAC) principles necessitates the proper
design of the analytical procedures aimed at minimizing the
harmful impact on human health and the environment.’
Different approaches have been introduced to achieve this goal,
including minimizing solvent consumption and waste genera-
tion, using eco-friendly solvents and reagents, and miniaturi-
zation of sample preparation and separation techniques.”
Traditional analytical methods developed for pharmaceutical
analysis consume large amounts of harmful organic solvents
with subsequent waste generation.> More benign technologies
have been developed with the aim of reducing the consumption
of the harmful organic solvents consumed worldwide during
pharmaceutical analysis without sacrificing chromatographic
performance.* Replacing toxic solvents with safer ones for the
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determination of chloramphenicol in honey.

greening of pharmaceutical analysis is well documented in the
literature.>”

Sample preparation is an inevitable step in various analytical
applications aimed at removing the interfering substances, pre-
concentrating, and/or derivatizing the investigated analytes.
Nevertheless, sample preparation can be regarded as the most
harmful procedure in the analytical process because of the use
of large volumes of polluting solvents during the extraction
process, hence generating large volumes of waste." Miniaturi-
zation is one of the GAC principles aiming at minimizing the
consumption of organic solvents.® Dispersive liquid-liquid
microextraction (DLLME) is a miniaturized sample preparation
technique that has been employed in a wide range of analytical
chemistry applications.®* It provides various advantages over
other sample preparation techniques in terms of simplicity,
cost, ease of operation, and rapidity. However, the proper
selection of dispersing solvents and extracting solvents (puL
scale) is highly challenging.*® Classical DLLME methods utilize
toxic halogenated organic solvents such as chloroform, carbon
tetrachloride, and chlorobenzene that may have adverse effects
on human health and the environment.” Replacing toxic
solvents with more benign alternatives is one of the GAC prin-
ciples that should be implemented in the method development.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Therefore, more eco-friendly natural deep eutectic solvents
(NADESs) have been recently introduced as a sustainable
alternative in DLLME. Generally, NADES is composed of two or
more components (hydrogen bond donors and hydrogen bond
acceptors) mixed at a certain ratio to form a homogenous
mixture that has an eutectic point at a temperature lower than
that of the individual substances. These solvents are biode-
gradable, less harmful, readily available, and easy to prepare.™
Monoterpenes (e.g., thymol and menthol) are considered
satisfactory choices for preparing hydrophobic NADESs because
of their low water solubility."

Chloramphenicol is a broad-spectrum antibacterial agent
that widely used in veterinary medicine."® Because of its severe
adverse effects on human health, its use in food-producing
animals is prohibited in many countries such as the US, Can-
ada, and Australia.'* The European Union (EU) regulates the use
of chloramphenicol in honey and prohibits its use for treatment
of honeybees. Because chloramphenicol should be absent in
honey, no maximum residue limits (MRLs) have been set for
chloramphenicol.*® Alternatively, in 2009, the EU established
the minimum required performance limit (MRPL) of 0.3 ppb for
chloramphenicol in honey.*

To ensure consumer safety, continual monitoring of chlor-
amphenicol levels in food products is of paramount impor-
tance. Due to the strict regulations set by different governments,
sensitive, reliable, and fast methodologies for trace analysis of
chloramphenicol in food products are highly needed. Various
extraction methods have been developed for the determination
of chloramphenicol in honey, including liquid-liquid
extraction,'™ solid phase extraction,”*** Quick Easy Cheap
Effective Rugged Safe (QUEChERs),** and classical DLLME.>*?*

The literature currently indicates that no green DLLME
methods utilizing natural deep eutectic solvents have been
developed for the determination of chloramphenicol in honey.
Therefore, this study aims to develop and optimize a green
DLLME method utilizing a NADES as a sustainable alternative
to the halogenated solvents commonly used in classical DLLME
methods. To the best of our knowledge, this is the first study
employing a menthol-based DES-DLLME method for the
determination of chloramphenicol in honey. Additionally, the
ecological impact of the proposed method was investigated, and
the greenness level of the method was evaluated using the
Analytical Eco-Scale (AES),>® the Green Analytical Procedure
Index (GAPI),*® and the Analytical GREEnness Metric (AGREE).”

2. Experimental

2.1. Chemicals and reagents

A chloramphenicol standard with 98% purity was purchased
from Sigma-Aldrich (Steinheim, Germany). Ethanol of analytical
grade was purchased from Merck (Darmstadt, Germany).
Thymol, menthol, acetic acid, formic acid, octanoic acid, and
decanoic acid were purchased from Sigma-Aldrich (Steinheim,
Germany). The ultrapure water used in this study was obtained
by using a Pure Lab Ultra water system (ELGA, High Wycombe,
UK). A chloramphenicol stock solution (1000 mg L™') was
prepared in ethanol and stored at 4 °C. The working solutions

© 2023 The Author(s). Published by the Royal Society of Chemistry
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were freshly prepared by serial dilutions from the stock solution
and stored at —20 °C.

2.2. Honey samples

Honey samples were purchased from large markets located in
the Eastern province of Saudi Arabia. A total of 25 samples was
collected between May and June, 2022. A control honey sample
verified to be non-contaminated with chloramphenicol was
used as a blank. Before the extraction, 1.0 g of honey samples
was weighed into a 15 mL centrifuge tube and diluted with
5.0 mL of water, and then vortexed to obtain a homogenized
solution. The samples were filtered using a 0.45 um pore-size
cellulose membrane filter to remove any suspended particles.
For spiked samples, an appropriate volume of chloramphenicol
standard was added, and the solution was stirred and then left
to equilibrate for one hour.

2.3. Synthesis of NADES

For selecting an appropriate NADES, eight different NADESs
containing thymol or menthol as monoterpenes and acetic acid,
formic acid, octanoic acid, or decanoic acid were investigated.
The components of each NADES at a molar ratio of 1:1 were
added to a conical flask and heated with continuous stirring at
70 °C for 20 min until a homogeneous clear solution was
synthesized. The formed NADES was allowed to cool at ambient
temperature and was then stored in a desiccator for the
subsequent DLLME procedures.

2.4. NADES-DLLME procedures

Five milliliters of a sample solution was added to a 15 mL
polypropylene centrifuge tube. Then, 0.4 g of NaCl was added to
the tube, and the solution was vortexed until the salt was
completely dissolved. Then, the NADES volume of 100 uL was
transferred to the mixture and vortexed for 1 min, followed by
centrifugation for 10 min at 3500 rpm to separate the NADES
system containing the analyte from the aqueous phase. After-
wards, the lower layer (aqueous phase) was removed from the
tube using a micro-syringe, and the upper layer was diluted to
0.5 mL with ethanol. Finally, the mixture was purified by nano-
filters (0.2 um) from Restek (USA) and then injected into a ultra-
high performance liquid chromatography-ultraviolet (UHPLC-
UV) system for analysis.

2.5. Instrumentation

The chromatographic analysis was carried out using an Ulti-
Mate 3000 XRS UHPLC (Thermo Scientific Dionex, Germany).
The system was operated with a dual gradient pump, an auto-
sampler, and a temperature-controlled column compartment.
For detection, a diode array detector was used, and the wave-
length was set at 278 nm. The chromatographic analysis was
performed on an Acquity BEH C18 (2.1 mm x 30 mm X 1.7 um)
column (Waters, USA) with a guard pre-column (Waters, USA).
The temperature was set at 40 °C, and the flow rate was 0.5
mL min~". A mobile phase composed of water: ethanol (80 : 20,
v/v) was employed. The mobile phase was sonicated using
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Fig. 1 A typical chromatogram of chloramphenicol using the developed UPLC-UV.

a sonicator bath (Branson 5510 Ultrasonic Cleaner). The injec-
tion volume was 2 pL. The infrared spectra were recorded using
a Nicolet 50 FT-IR spectrometer (Thermo Scientific, USA). A 300
MHz Bruker nuclear magnetic resonance (NMR) spectrometer
(Bruker, Switzerland) was utilized for recording the proton
nuclear magnetic resonance ("H NMR) spectra of the prepared
NADES. Deuterated dimethyl sulfoxide (d6-DMSO) was used for
sample dilution. For data processing and system control,

Labsolution v5.93 software from Shimadzu (Kyoto, Japan) was
used. A typical UHPLC-UV chromatogram of chloramphenicol is
presented in Fig. 1.

3. Results and discussion
3.1. Characterization of the synthesized NADES

For selecting the most appropriate NADES for extracting
chloramphenicol, eight NADESs were investigated, as
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Fig. 2 FTIR spectra of menthol, acetic acid, and the prepared menthol-acetic acid NADES.
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Fig. 3 'H NMR spectra of menthol, acetic acid, and the prepared menthol-acetic acid NADES.
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mentioned earlier. The types of intermolecular interactions
between menthol and acetic acid when a deep eutectic solvent is
formed are hydrogen bonding and dipole-dipole interactions.
Hydrogen bonding (formed between the carboxyl group of
acetic acid and the hydroxyl group of menthol) creates a strong
attractive force between the two molecules, which assists in
lowering the melting point of the mixture. Dipole-dipole
interactions occur between menthol and acetic acid molecules
and create a weak attractive force between the two molecules.
This also contributes to the lower melting point of the DES.
Additionally, van der Waals forces between the non-polar
menthol and the polar acetic acid molecules may also play
a role in the formation of the DES.

To ensure that the NADES was successfully formed, NMR
and FTIR were utilized for the NADES characterization. For
demonstrating the hydrogen-bond interactions between the
individual components of the selected NADES, the FT-IR spectra
of menthol, acetic acid, and the formed menthol-acetic acid
NADES were determined, and the results are presented in Fig. 2.
As illustrated, the O-H stretching band of menthol at 3231 cm ™"
became barely identifiable in the formed NADES, and also the
acetic acid C=0 stretching band at 1703 cm ' was slightly
shifted to 1712 cm™?, indicating the formation of a hydrogen
bond in the prepared NADES.*®
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The "HNMR spectra of the formed NADES and its compo-
nents (menthol and acetic acid) are illustrated in Fig. 3. The
persistence of the distinguished peaks of acetic acid and
menthol in the "THNMR spectrum of the formed NADES and the
absence of any new additional peaks indicated that no other
new compounds were formed. For providing a high extraction
efficiency, the developed NADES-DLLME method was opti-
mized. The one-factor-at-a-time approach was used to investi-
gate different extraction parameters including NADES type,
NADES molar ratio, NADES volume, sample volume, salt
concentration, pH, vortex time, and centrifugation time.

3.2. Optimization of the developed NADES-DLLME method

3.2.1. The NADES type. The selection of the most suitable
NADES to provide the highest extraction recovery is an impor-
tant step in DLLME procedures. In this regard, eight NADESs
were investigated at a molar ratio of 1:1. The procedures
previously described for the preparation of NADES were fol-
lowed. The investigated NADESs yielded clear transparent
homogenous liquids without crystallization at ambient
temperature. The extraction efficiency of each prepared NADES
was tested to enrich chloramphenicol.

Hydrogen bonding is likely to occur between chloramphen-
icol and menthol-acetic acid NADES. Chloramphenicol contains
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Fig. 4 Effect of (A) NADES type, (B) the NADES molar ratio, and (C) the NADES volume on the extraction recovery of chloramphenicol.
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different functional groups that allow for hydrogen bonding,
including an alcohol group (-OH) that contains a hydroxyl
group that can participate in hydrogen bonding. Also, chlor-
amphenicol contains an amide group (NHCO) that contains
a lone pair of electrons and an ether group (-O-) that can
participate in hydrogen bonding. It was found that the highest
extraction recovery of chloramphenicol was achieved by NADES-
3 (menthol and acetic acid) (98.5%), followed by NADES-4
(thymol and acetic acid) (88.4%). NADES-1 (menthol-formic
acid) was ranked third in terms of extraction efficiency (85.5%).

Other NADESs (NADES-2, NADES 5-8) exhibited much lower
extraction efficiencies, ranging from 78-61%. Based on these
results, NADES-3 (menthol-acetic acid) was selected as an
extraction solvent for the subsequent procedures. The effect of
NADES type on the extraction recovery of chloramphenicol is
illustrated in Fig. 4A. Also, for determining the optimized molar
ratio of the selected NADES, different molar ratios of menthol
and acetic acid (1:1,1:2,1:3, 2:1, and 3:1) were examined.
The molar ratio of 1: 1 provided the best extraction recovery, as
illustrated in Fig. 4B, and thus, it was used for DLLME
procedures.

3.2.2. The NADES volume. To select the optimum NADES
volume, different volumes of NADES ranging from 50-250 pL
were examined. As illustrated in Fig. 4C, the extraction recovery
was increased by increasing the NADES volume from 50 pL to
100 pL, and then decreasing it by increasing the NADES volume.
This may be caused by the dilution effect of using large volumes
of NADES. Based on that, a NADES volume of 100 pL was used
for subsequent extraction procedures.

3.2.3. The sample volume. The sample volume can increase
the extraction efficiency of the developed method. Therefore,
different volumes of sample solution ranging from 2-15 mL
were tested. It was found that the highest recovery of chloram-
phenicol was obtained when the sample volume was 5 mL, as
shown in Fig. 5A. When the sample volume was larger than 5
mlL, the extraction recovery was decreased due to the sample
dilution. Therefore, a sample volume of 5 mL was selected as an
optimum volume for real sample extraction.

3.2.4. Salt concentration. Because salt concentration can
affect the extraction efficiency, the effect of NaCl addition was
investigated. Various amounts of NaCl ranging from 0-0.5 g
were added to the sample solution while other conditions
remained unchanged. It was found that the extraction recovery
was increased by increasing the salt concentration from 0-0.4 g.
The highest recovery was observed when the salt concentration
was 0.4 g. However, a NaCl concentration higher than 0.4 g did
not result in an increase in the extraction recovery (Fig. 5B).
Thus, NaCl at 0.4 g was chosen for the extraction procedures.

3.2.5. pH. Because the sample pH can significantly affect
the extraction efficiency, the effect of pH was investigated in the
range of 2-10. In this study, it was observed that the extraction
recovery was not significantly changed by increasing the pH
from 2 to 7. However, with the pH increase from 7 to 10, the
extraction recovery was decreased (Fig. 5C). Therefore, the
extraction was performed without adjusting the sample pH
values to enhance the rapidity and simplicity of the extraction
procedures.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.2.6. Vortex time. The time of vortexing has an effect on
the extraction efficiency because it enhances the mass transfer
of analytes into the NADES phase, and therefore the effect of
different vortex times (0.5, 1, 2, 3, 4, and 5 min) was investi-
gated. As depicted in Fig. 6A, the extraction recovery was
increased with the increase in vortex time from 0.5 to 1 min. A
further increase in the vortex time resulted in no significant
enhancement in the extraction recovery, which indicated that
the extraction equilibrium had already been established. Thus,
1 min was chosen to be the optimum vortex time for the
extraction procedures.

3.2.7. Centrifugation time. In this study, different centri-
fugation times ranging from 5-30 min were tested while
maintaining the speed at 3500 rpm. By increasing the centri-
fugation time from 5-10 min, it was found that the extraction
recovery was increased. It was also observed that when the
centrifugation time was higher than 10 min, the extraction
recovery remained unchanged (Fig. 6B). Thus, a centrifugation
time of 10 min was selected for further extraction procedures.

3.3. Method validation

After the optimization of the extraction parameters, the
analytical performance of the developed method was evaluated
in terms of linearity, precision, accuracy, limit of detection, and
limit of quantification. To investigate the method linearity,
matrix-matched calibration curves were constructed using
a blank sample solution spiked with the standard solution of
chloramphenicol at seven concentration levels. The absence of
interfering components near the retention time of chloram-
phenicol indicated the method specificity, as shown in Fig. 1.
The calibration curves were linear in the range of 1-100 pg kg™
with a determination coefficient (+*) of 0.9997, which reflected
the high linearity of the developed method.

The limit of detection (LOD) based on the signal-to-noise
ratio of 3 was 0.20 ug kg™', and the limit of quantification
(LOQ) based on the signal-to-noise ratio of 10 was 0.60 ug kg™
The accuracy and precision of the developed method were
evaluated at three different concentration levels (5, 10, and 50
ug kg™ h). Satisfactory percentage recoveries ranged from 98.8%
to 101.5% (Table 2). The intra-day precision was determined by

Table 1 Analytical performance of the proposed NADES-DLLME
method

Analytical parameters Values

Linearity range 1-100 pg kg *
Determination coefficient (%) 0.9997

Limit of detection (LOD) 0.20 pg kg™*

Limit of quantitation (LOQ) 0.60 pg kg '

Intra-day precision % R % RSD
5 ug kg™! 99.1 2.7

10 pg kg ™" 99.6 1.6

50 pg kg " 101.5 0.9
Inter-day precision % R % RSD
5 ug kg! 100.2 4.5

10 pg kg ™" 98.8 4.2

50 pg kg ' 99.3 3.7

5064 | RSC Adv, 2023, 13, 5058-5069
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performing six replicated experiments on the same day, and the
inter-day precision was evaluated by analyzing nine replicates
over three consecutive days. Satisfactory method precision in
terms of % relative standard deviation (RSD) was achieved (%
RSD = 3.9 for the inter-day precision and =4.5 for the intra-
day). The method validation results are presented in Table 1.

3.4. Analysis of honey samples

To evaluate the appropriateness of the presented method, 25
honey samples (14 local samples and 11 imported samples) of
different botanical origin available in the Saudi market were
investigated. The samples were analyzed under the optimized
conditions as previously described. Chloramphenicol was
found in 8% of the analyzed honey samples (2 out of 25) at
concentrations of 0.63 ug kg™ " and 0.72 pg kg™ .

It should be noted that the two samples contaminated with
chloramphenicol were imported. The occurrence of chloram-
phenicol in imported honey samples at concentrations higher
than those in the local samples is in agreement with values
obtained in other studies.** The results of this study highlight
the importance of monitoring the antibiotic levels in imported
food products including honey to ensure product quality and
consumer safety.

3.5. Compliance with the principles of green analytical
chemistry (GAC) and evaluation of the greenness profile of the
developed method

In this study, the principles of GAC were taken into consider-
ation when the method was designed. In this context, a proper
analytical column was selected for chromatographic separation.
A short, narrow bore sub-2 um column was employed to achieve
fast separation and narrow peaks.” The solvents used in the
mobile phase also have a great impact on the greenness level of
the developed methods, and therefore, solvents from renewable
sources (ethanol and water) were selected in the proposed
study. Ethanol is the most environmentally favourable solvent
as per the Environment, Health, and Safety method and the
Life-Cycle Assessment method.** Under optimized conditions,
chloramphenicol was efficiently eluted in 1.3 min, and the
volume of ethanol consumed was 0.13 mL per run. These
conditions would ensure complete separation of the chloram-
phenicol peak from other peaks (e.g., the NADES and other
interfering components) when the method was applied for the
analysis of real honey samples. Regarding the sample prepara-
tion, a micro-scale extraction method (DLLME) utilizing
a natural benign solvent (menthol) was selected to ensure the
high level of the method greenness.

For evaluating the ecological impact of the proposed
method, three assessment tools were applied. First, the
Analytical Eco-Scale (AES) was applied to provide an overview
regarding the amounts of solvents used and their hazards,
occupational hazard, energy consumed, and waste generated.*
Briefly, penalty points given for each criterion were summed
and then subtracted from 100. The resulting score was used to
assess the greenness level of the analytical method (e.g., excel-
lent: score =75, acceptable: score =50, and not adequately

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The greenness profile of the proposed NADES-DLLME method as determined by using the eco-scale tool

Items Penalty points (PPs)
1. Reagents
1.1. Ethanol Amount <10 mL 1
Hazard type Single word: danger 2
Hazard amount 2 Pictograms 2
Total PPs = 4
1.2. Menthol Amount <10 mL 1
Hazard type Single word: warning 1
Hazard amount 1 Pictogram 1
Total PPs = 1
1.3. Acetic acid Amount <10 mL 1
Hazard type Single word: danger 2
Hazard amount 2 Pictogram 2
Total PPs = 4
1.4. NaCl Amount 04g 0
Hazard type 0 0
Hazard amount 0 0
Total PPs = 0
2. Instruments
2.1. Energy (kW h per sample) LC-UV =0.1 0
2.2. Occupational hazard No hermetic sealing release of gas or vapor into air 0
Total PPs = 0
3. Waste
3.1. Waste amount 1-10 mL 3
3.2. Waste treatment No treatment 3
Total PPs = 6
Total penalty points 15
Eco-scale score 100 — 15 =85

green: score =50). In this study, the total penalty points
assigned for the proposed method after being subtracted from
100 was 85, which indicated that the developed method was
excellent in terms of greenness and environmental impact.
Table 2 illustrates the detailed calculations of the assigned
penalty points using the AES tool. Combining two or more

greenness assessment tools can significantly provide a full
picture of the eco-friendliness of the developed methods.*
Therefore, the Green Analytical Procedure Index (GAPI)*® was
utilized as a complementary tool for evaluating the environ-
mental impact of the proposed method. The GAPI is illustrated
as pictograms with different colours (green, yellow, and red)

Table 3 The greenness profile of the developed method using the GAPI and AGREE tools

GAPI pictograms

AGREE pictogram

Sample preparation
Collection (1)
Preservation (2)
Transport (3)

Storage (4)

Type of method

Direct or indirect (5)
Scale of extraction (6)
Solvents/reagents used (7)
Additional treatments (8)
Reagent and solvents
Amount (9)

Health hazard (10)
Safety hazard (11)
Instrumentation

Energy (12)
Occupational hazard (13)

Waste (14)
Waste treatment (15)

Offline (red)
None (green)
Required (yellow)
None (green)

Extraction required (red)
Micro-extraction (yellow)

Green solvents for extraction (yellow)
No additional treatment (green)

<10 mL (green)
NFPA = 3, moderate toxicity (yellow)
NFPA = 2; high flammability (yellow)

=1.5 kw h per sample (green)
Hermetic sealing of analytical
procedure (green)

1-10 mL (yellow)

No treatment (red)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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depending on the level of the method's greenness. A detailed
description of the GAPI tool is presented in Table 3. As depicted,
the GAPI pictogram contained six green parts and only three red
parts, which indicates that the proposed method is green with
a low hazardous impact on human health and the environment.
Additionally, the proposed method can be applied for qualita-
tive and quantitative analysis as well.

The third tool applied is Analytical GREEnness Metric
(AGREE). This tool is based on the twelve GAC principles and is
illustrated as a pictogram with a final score expressed on a scale
from 0 to 1, according to the greenness level of the method.”
The high final score of the AGREE metric used for the proposed
method (0.73) (Table 3) confirmed that the proposed method is
environmentally friendly with a minimal environmental
impact. Overall, in this study, the use of hazardous organic
solvents or reagents was avoided and the generation of waste
was minimized. Hence, the developed method was classified as
a green method with low environmental impact. The combi-
nation of the three mentioned assessment tools allowed for
a comprehensive overview of the greenness level of the devel-
oped method for all the analytical procedures, including sample
preparation and chromatographic analysis.

3.6. Comparison to other reported methods

An overview of liquid chromatographic methods reported for
the determination of chloramphenicol in honey is illustrated in
Table 4, and includes extraction procedures, separation tech-
niques, solvents used, sample volume, mobile phase composi-
tion, run time, linearity range, determination coefficients,
recovery, LODs, and precision. It was observed that all reported
methods used hazardous solvents that were toxic, halogenated,
or not biodegradable. One of the most relevant characteristics
of the developed method is the usage of green alternatives such
as water and ethanol, which reflects the high level of the
method greenness compared to conventional methods.

Apparently, completion of the analysis in a short time has
a significant impact on organic solvent consumption. The
comparison revealed that the run time achieved by the pre-
sented method was the shortest in comparison to other re-
ported methods (Table 4). Also, the analytical performance of
the presented method is very comparable to the reported
methods in terms of determination coefficients, accuracy, and
precision (Table 4). It should be noted that there are lower LODs
for some of the reported methods, and this is attributed to the
use of MS/MS for detection. However, compared to reported LC-
UV methods, more optimal chromatographic performance was
observed with the proposed method. To conclude, compared
with other documented methods, the presented method is more
eco-friendly, utilizes benign alternatives, is faster, cost-effective,
more affordable, and does not require expensive or sophisti-
cated detectors.

4. Conclusion

In this study, an eco-friendly DLLME method utilizing
a menthol-based NADES was developed and optimized for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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determination of chloramphenicol residues in honey. Different
NADESs composed of monoterpenes and acids were investi-
gated, and the most efficient system (menthol and acetic acid)
was selected. The proposed method exhibited satisfactory
linearity with a determination coefficient of 0.9997. Satisfactory
recovery ranging from 98.8% to 101.5% was achieved. The
ecological impact of the developed method was evaluated using
ESA, GAPI, and AGREE assessment tools. The proposed DLLME
method is fast, cost-effective, and sustainable. It can be applied
for the quality control analysis of chloramphenicol in honey
without harmful effects on human health or the environment.
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