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The introduction of favipiravir as a broad-spectrum antiviral agent, particularly in treating influenza and
exploring its potential against COVID-19, emphasizes the necessity for efficient analytical methods.
Liquid chromatography has emerged as a commonly utilized technique for quantifying favipiravir in
biological fluids. However, the environmental and health concerns linked to classical analytical methods
mean a transition toward green analytical chemistry is required. This study investigates the
environmental impact of 19 liquid chromatographic methods utilized in the bioanalysis of favipiravir.
Recognizing the importance of eco-friendly practices in pharmaceutical analysis, the study employs
three widely accepted greenness assessment tools: Analytical Eco-Scale (AES), Green Analytical
Procedure Index (GAPI), and Analytical Greenness Calculator (AGREE). Moreover, it incorporates
a comprehensive evaluation on a global scale utilizing the whiteness assessment tool Red-Green-Blue 12
(RGB 12). The comprehensive evaluation aims to extend beyond traditional validation criteria and
considerations of green chemistry, providing insights into the development of practically efficient, eco-
friendly and economical analytical methods for favipiravir determination. This study emphasizes the
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laboratory trials. Additionally, the integration of greenness/whiteness evaluation in method validation

DO 10.1035/d4ra03017f protocols is strongly advocated, emphasizing the importance of critical and global evaluations in

rsc.li/rsc-advances analytical chemistry.

Traditional liquid chromatographic techniques, while effective,
often involve the use of hazardous chemicals and generate

Introduction

Favipiravir (6-fluoro-3-hydroxypyrazine-2-carboxamide), with
the molecular formula CsH,FN;0, (Fig. 1), is a hydrophobic
molecule with low water solubility (8.7 mg mL™") and a short
half-life.* This results in its rapid clearance from the body
through the kidneys in its hydroxylated form." It is a broad-
spectrum antiviral agent utilized for the treatment of various
strains of influenza viruses. Its mechanism of action involves
inhibiting the RNA-dependent RNA polymerase, thus
decreasing viral RNA synthesis.> The drug was first approved for
use in Japan in 2014 and has since been used for the treatment
of influenza in several countries.* More recently, favipiravir has
been studied as a potential treatment for COVID-19.*

In recent years, the need for sustainable analytical methods
for favipiravir analysis has become increasingly critical for its
precise and reliable quantification in biological fluids.
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considerable waste, posing environmental and health risks.’
The adoption of green analytical chemistry principles is essen-
tial to mitigate these impacts, ensuring that bioanalytical
methods are not only efficient and accurate but also environ-
mentally friendly.® This necessity drives the development and
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Fig. 1 Chemical structure of the antiviral agent favipiravir.
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evaluation of sustainable analytical methods for favipiravir
bioanalysis, aiming to align with global sustainability goals and
promote safer laboratory practices. Several analytical tech-
niques have been utilized to analyze favipiravir, including
spectrophotometry,”® spectrofluorimetry,'®*> high perfor-
mance liquid chromatography - ultraviolet detector (HPLC-
UV),"**¢ capillary electrophoresis,'” liquid chromatography -
tandem mass spectrometry (LC-MS/MS)*>* and high perfor-
mance thin liquid chromatography (HPTLC).'® These methods
have been applied to pharmaceutical dosage forms”®' and
biological fluids such as plasma,'?'%1#19.21:2330 gerym >*3-33 and
milk.>®

Green Analytical Chemistry (GAC) has gained attention since
2000, with the goal of establishing safe analytical methodolo-
gies for both individuals and the environment.** The basic
principles and recommended practices of GAC aim to strike
a balance between effective analyses and safety measures.”>?
These fundamental guidelines of GAC have been widely
accepted and published.® However, there is a lack of standard-
ized tools and procedures to evaluate how ‘green’ an analytical
method is ref. 36. These tools help determine if a specific
analytical method is environmentally friendly. It is crucial to
compare and integrate such evaluation tools as a standard
practice during development and validation of novel eco-
friendly analytical methods.*® Hence, evaluation tools like the
National Environmental Method Index (NEMI),* Analytical Eco-
Scale (AES),*” Green Analytical Procedure Index (GAPI),*® and
Analytical Greenness metric (AGREE)* are commonly employed
in recent research to assess the eco-friendliness of
methods.”****” They are regarded as crucial for the develop-
ment and validation of new environmentally sustainable
analytical techniques.

Achieving a balance between the eco-friendliness of analyt-
ical techniques and their practical effectiveness poses a signifi-
cant challenge. The utility of a method is determined by several
parameters such as analytical efficiency (accuracy, precision,
sensitivity), practical and economic considerations (cost, speed,
simplicity), and environmental impact. There is a diversity of
opinions on how to prioritize greenness in method selection.
Some supporters of GAC advocate for prioritizing greenness,
while others may consider it only when other parameters are
satisfactory. Moreover, the shift towards more environmentally
friendly methods necessitates training for operators, and the
accessibility of these sustainable approaches can be affected by
economic and social factors.*®

In the context of this complexity, Sustainable Development
(SD) emerges as a multidimensional concept, emphasizing the
delicate balance between method effectiveness, practicality and
environmental care. The assessment of method sustainability is
complicated, and existing greenness assessment tools like
NEMI, AES, GAPI, and AGREE may not comprehensively capture
all relevant sustainability criteria.”® The suggestion of pre-
selecting methods based on other parameters before assess-
ing greenness raises questions about fairness and transparency.
Another approach involves employing algorithms for compre-
hensive assessments of analytical methods on a global scale,
such as the Red-Green-Blue (RGB) model.***° This model
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enables expanding the principles of green chemistry to incor-
porate other primary colors, with red symbolizing analytical
efficiency, green representing ecological and safety consider-
ations, and blue denoting productivity and economic viability.
In this RGB model, white signifies an ideal method. Conse-
quently, the concept of White Analytical Chemistry (WAC)
emerged, consisting of 12 principles similar to the established
guidelines of GAC.*® In conclusion, striking a balance between
environmental sustainability and practicality in analytical
methods requires careful consideration and comprehensive
evaluation. Nowak et al. introduced a simplified version of the
RGB algorithm, called RGB 12 integrated with WAC.*® This
algorithm enables a rapid assessment of methods against the 12
WAC principles, providing a measure of the method's sustain-
ability or “whiteness”. Several publications used the developed
model to assess the whiteness profile of their methods.*”3%**5

It is the responsibility of researchers to evaluate the envi-
ronmental sustainability and efficiency of newly developed
analytical methods. They must consider factors such as envi-
ronmental impact, human safety, and overall method perfor-
mance and practicality when choosing the most eco-friendly
approach. It is advisable to incorporate clear planning and
integrate environmental considerations into method validation
protocols to mitigate environmental risks and enhance method
efficiency and economic viability. Utilizing various assessment
tools can offer a comprehensive understanding of a method's
ecological impact.*>*

The objective of this study was to assess the ecological
impact of 19 liquid chromatographic methods utilized for the
bioanalysis of favipiravir. The evaluation was based on the three
widely applied greenness assessment tools: AES, GAPI, and
AGREE. Moreover, the study conducted a comprehensive eval-
uation of all 19 methods using the whiteness assessment tool
(RGB 12) after establishing fair rules for scoring all 12 evaluated
whiteness criteria to minimize subjectivity. Subsequently, the
results were compared with those obtained from the greenness
assessment tools. This comprehensive approach aimed to
provide an evaluation of methods beyond validation criteria and
green chemistry considerations. This study offers valuable
insights into the development of more effective, environmen-
tally friendly, economical, and practically efficient analytical
methods for the chromatographic bioanalysis of favipiravir.

Methodology

All methods reported for the analysis of favipiravir starting from
2012 to 2023 were collected. To ensure an unbiased environ-
mental evaluation, the collected research was classified
according to the sample matrix and the separation technique
utilized. The main criteria for selecting methods were: (1)
utilization of chromatography: the method must employ chro-
matographic techniques for analysis and (2) application for
detecting favipiravir in biological matrices: the method must be
specifically applied to the detection of favipiravir in biological
matrices (e.g., plasma, serum, urine). Consequently, chro-
matographic methods used for favipiravir analysis in pharma-
ceutical formulations were excluded because they did not meet
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the second criterion of the inclusion criteria, which focused on
detecting favipiravir in biological matrices. Methods for phar-
maceutical formulations typically involve simpler sample
preparation procedures, such as the dilute and shoot approach,
which are not suitable for biological matrices. Biological
samples require more complex preparation techniques to
handle the presence of proteins, lipids, and other interfering
substances, necessitating a separate evaluation to ensure
consistency and fairness in our comparative study. Subse-
quently, the environmental impact and efficiency profiles of
these methods were evaluated utilizing three widely recognized
assessment metrics: the AES,*” GAPL,*® and AGREE,* along with
the whiteness metric of RGB 12.*® Below is a summary of the
tools employed in this study.

Greenness and whiteness assessment
tools
Analytical eco-scale (AES)

AES assesses the environmental safety of analytical methods,
assigning a total score out of 100, starting at 100 for the greenest
level with no penalty points (PPs).*” PPs are calculated based on
various parameters like reagent usage, occupational hazards,
waste generation and energy consumption, impacting the
overall score. A score above 75 is considered green, 50-75 is
acceptable, and below 50 is inadequately green. This method
provides comprehensive information on health, safety and
ecological hazards compared to the NEMI tool. For further
details, readers are referred to ref. 37.

Green analytical procedure index (GAPI)

This metric, developed by Plotka-Wasylka, was initially intro-
duced in 2019.*® It provides a reliable and comprehensive
environmental evaluation of the complete analytical method-
ology, spanning from sample collection to final analysis. This
tool covers sample preparation, solvents and reagents, instru-
mentation and an extra quantification mark. Using a color-
coded pictogram, GAPI classifies the environmental safety of
each step, with green indicating a safe procedure and red
highlighting non-ecofriendly operations. Fig. S1 in file 1 of the
ESIt shows a description of the GAPI pictograms. For further
details, readers are referred to ref. 38.

Analytical greenness metric (AGREE)

This metric, introduced by Pereira et al. in 2020, is a simple and
automated software designed for assessing the greenness of
methods.* The AGREE pictogram consists of 12 sections, each
aligning with the principles of GAC. These sections, including
the central zone, are color-coded from red to green. The color is
determined by the method's greenness score, a fraction ranging
from zero to one.* This score is automatically calculated and
displayed in the middle zone. The AGREE tool is freely available
online through https://mostwiedzy.pl. A description of AGREE
pictograms is provided in Fig. S2 in file 1 of the ESL{
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Red-green-blue 12 model (RGB 12)

This model, proposed by Pawet Nowak and Pawel Koscielniak in
2019, utilizes three colors to signify important attributes: red
denotes analytical performance, green signifies adherence to
the principles of green chemistry, and blue indicates practical
effectiveness. The resulting color is ascertained by combining
these primary colors, with their intensities represented as the
Color Score (CS). The CS is calculated on a scale from 0 to 100%.
These calculations can be performed utilizing a readily acces-
sible Excel spreadsheet.*®

Application of the greenness and whiteness evaluation
metrics to the methods used for the bioanalysis of favipiravir

The summarized bioanalytical methods utilized for favipiravir
analysis using chromatography are presented in Table 1. The AES
tool provided digital results without figures. Table 2 shows AES
calculations for each method. GAPI uses colored pictograms
(green, yellow, and red) to assess the greenness of a method,
where green indicates the most eco-friendly approach, while red
signifies one that is environmentally harmful. The calculated
scores for the methods reported using the GAPI tool are presented
in Table 3. Likewise, the AGREE pictogram features three colors
similar to the GAPI pictogram, albeit with differing degrees of
saturation that gradually intensify according to digital assess-
ments of importance. The comprehensive results for AGREE are
centrally displayed within each pictogram. Fig. S3 in file 1 of the
ESIT illustrates the calculations for the reported methods utilizing
the AGREE metric. Summary results of the greenness assessment
of the methods reported using AES, GAPI and AGREE metrics are
presented in Table 2.

Assessment of whiteness profiles was conducted using the RBG
12 algorithm. The assessment procedure involved assigning scores
to all 19 methods, evaluating each attribute.”® The ‘red’ criteria
included the following: application scope — R1 (including the
number of determined analytes), lower limit of quantification
(LLOQ) - R2, precision - R3, accuracy — R4. For the ‘green’ criteria,
the selected aspects were toxicity of reagents measured by the
number of Globally Harmonized System of Classification and
Labelling of Chemicals (GHS) pictograms of the employed reagents
- G1, quantity of reagents and waste produced - G2, consumption
of energy - G3, direct impact on the user (safety or occupational
hazards) - G4. Regarding the ‘blue’ criteria: cost efficiency - B1,
time efficiency - B2, requirements including sample amount
utilized for analysis and other needs such as advanced instruments
and skills personnel- B3, and operational simplicity including
miniaturization, integration and degree of automation - B4.

As WAC concept is relatively new, there are not established
and universally accepted rules for assessing these methods
yet.*® So, scoring these criteria is mostly based on subjective
judgment, although efforts are made to ensure a comprehensive
assessment. In this study, efforts were made to make the
assessment as fair as possible, and specific rules were set for
each evaluated method to determine their scores. Although the
choice of rules might have some subjectivity, it is enough to
make a reasonable comparison between methods. The scoring
rules used to evaluate analytical methods for favipiravir in
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Table 2 Comparison of the greenness profiles of the reported methods determining favipiravir in biological samples using Analytical Eco-Scale
(AES), Green Analytical Procedure Index (GAPI) and Analytical GREEnness (AGREE) metric

Analytical
Method eco-scale GAPI

Reagents PPs”
Polycaprolactone-block-polydimethylsiloxane-block- 0
polycaprolactone polymer
Methyl trimethoxysilane
Acetone

AGREE
Methylene chloride a»
Trifluoroacetic acid
Methanol .
Acetonitrile
Phosphoric acid
1 Instruments ‘
Vortex
Centrifuge Q
Conditioning device (50 C x h) “

Ultrasonic bath
Magnetic stirring
HPLC-UV
Occupational hazard
Waste

Total PPs

Eco-scale

0
0
2
2
0
1
0
0

Reagents
Acetonitrile
Formic acid
Methanol
Instruments
Vortex
Centrifuge
LC-MS/MS
Occupational hazard
Waste

Total PPs
Eco-scale

Reagents
Acetonitrile
Phosphoric acid
Potassium dihydrogen orthophosphate
Instruments

Vortex

Centrifuge

UHPLC
Occupational hazard
Waste

Total PPs

Eco-scale

Reagents
Acetonitrile
Formic acid
Sodium dihydrogen phosphate
Methanol
Instruments

4 Vortex
Centrifuge
Ultrasonic bath
HPLC-DAD
Solvent evaporator
Occupational hazard
Waste

19664 | RSC Adv, 2024, 14, 19658-19679 © 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra03017f

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 18 giugno 2024. Downloaded on 16/07/2024 23:00:16.

(cc)

View Article Online

Review RSC Advances

Table 2 (Contd.)

Analytical

Method eco-scale GAPI Ref.

>
Q
=
=

Total PPs 27
Eco-scale 73

Reagents PPs
Methanol 6
Acetic acid 4
Instruments

Vortex 0
Centrifuge 0
Solvent evaporator 2
LC-MS/MS 2
Occupational hazard 3
Waste 3
Total PPs 20
Eco-scale 80

Reagents PPs
Tetrahydrofuran 6
Menthol 1
Trichloroacetic acid 4
Acetonitrile 4
Potassium dihydrogen phosphate 0
Phosphoric acid 2
6 Instruments
Vortex 0
Centrifuge 0
HPLC-UV 1
Occupational hazard 0
Waste 3
Total PPs 21
Eco-scale 79

Reagents PPs
Acetonitrile 4
Formic acid 6
Ammonia 6
Methanol 6
Instruments
7 Vortex 0
Centrifuge 0
HPLC-UV 1
Occupational hazard 3
Waste 3
Total PPs 29
Eco-scale 71

Reagents PPs
Acetonitrile 4
Formic acid 6
NaCl 0
Anhydrous magnesium sulphate 0
Methanol 6
Instruments
8 Vortex 0
Centrifuge 0
UHPLC-MS/MS 2
Solvent evaporator 2
Occupational hazard 3
Waste 3
Total PPs 26
Eco-scale 74
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Analytical
Method eco-scale GAPI AGREE Ref.

10

11

12

13

Reagents
Acetonitrile
Phosphoric acid
Methanol
Instruments
Vortex
Centrifuge
UHPLC-UV
Occupational hazard
Waste

Total PPs
Eco-scale

Reagents
Acetonitrile
Phosphoric acid

Gadolinium(m) chloride hexahydrate
Trihexyl (tetradecyl)phosphonium chloride

Dichloromethane
Perchloric acid
Tetrahydrofuran
Instruments

Reflux

Vacuum evaporator (drying)
Vortex

Centrifuge

HPLC-UV
Occupational hazard
Waste

Total PPs

Eco-scale

Reagents
Acetonitrile
Methanol
Phosphate buffer
Dichloromethane
Instruments
Solvent evaporator
Vortex

Centrifuge
HPLC-UV
Occupational hazard
Waste

Total PPs
Eco-scale

Reagents
Methanol
Acetic acid
Instruments
Vortex
Centrifuge
LC-MS/MS
Occupational hazard
Waste

Total PPs
Eco-scale

Reagents
Methanol

19666 | RSC Adv, 2024, 14, 19658-19679

25

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra03017f

Open Access Article. Published on 18 giugno 2024. Downloaded on 16/07/2024 23:00:16.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

Table 2

(Contd.)

View Article Online

RSC Advances

Analytical

Method eco-scale

>
Q
=
=

Ref.

14

15

16

17

Formic acid
Ammonium format
Acetonitrile
Instruments
Vortex

Centrifuge
LC-MS/MS
Occupational hazard
Waste

Total PPs

Eco-scale

Reagents
Acetonitrile
Formic acid
Methanol
Instruments
Vortex
Centrifuge
LC-MS/MS
Occupational hazard
Waste

Total PPs
Eco-scale

Reagents
Acetonitrile
Phosphoric acid
Perchloric acid
Tetrahydrofuran
Instruments
Vortex
Centrifuge
HPLC-UV
Occupational hazard
Waste

Total PPs
Eco-scale

Reagents
Acetonitrile
Ammonia
Methanol
Instruments
Vortex
Centrifuge
UHPLC-MS/MS
Occupational hazard
Waste

Total PPs
Eco-scale

Reagents
Acetonitrile
Phosphoric acid
HCl

Instruments

Vortex

Centrifuge

HPLC-UV
Occupational hazard
Waste

W o = o o

© 2024 The Author(s). Published by the Royal Society of Chemistry

31

RSC Adv, 2024, 14, 19658-19679 | 19667


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra03017f

Open Access Article. Published on 18 giugno 2024. Downloaded on 16/07/2024 23:00:16.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

Table 2 (Contd.)

View Article Online

Review

Analytical
Method eco-scale

GAPI Ref.

Total PPs 14
Eco-scale 86

Methanol 6
Ethyl acetate 4
Phosphoric acid
Instruments
Vortex

18 Centrifuge
Solvent evaporator
HPLC-UV
Occupational hazard
Waste
Total PPs 21
Eco-scale 79

[\S}

W W= Do o

Reagents PPs
S

Reagents PP
Brij-35
Methanol
Sodium dodecyl sulfate
Sodium dihydrogen phosphate
Propanol
Instruments

19 Vortex
Centrifuge
Solvent evaporator
UPLC-UV
Occupational hazard
Waste
Total PPs 28
Eco-scale 72

DO D

W w oD o o

P
-0
b

“ PPs for analytical eco-scale were calculated as per ref. 37 as follows: (1) reagent amount PPs: <10 mL (g) = 1; 10-100 mL (g) = 2; >100 mL (g) = 3. (2)
Reagent hazard PPs: none = 0; less severe = 1; more severe = 2. Then total PPs = amount PPs x hazard PPs. (3) Energy PPs: < 0.1 kWh per sample =
0, = 1.5 kWh per sample = 1, > 1.5 kWh per sample = 2. (4) Occupational hazard PPs: analytical process hermitization = 0; emission of vapors and
gases to air = 3. (5) Waste PPs: none = 0; <1 mL (g) = 1; 1-10 mL (g) = 3; >10 mL (g) = 5.

biological matrices are detailed in file 2 of the ESL{ Calcula-
tions were conducted using an Excel spreadsheet.*® Fig. 2 shows
the assessment results of the 19 methods, illustrating the
outcomes for each method, while a comparison between main
assessment outcomes is illustrated in Fig. 3. All whiteness
assessment calculations using the Excel spreadsheet are pre-
sented in file 3 of the ESL T

Results and discussion
Assessment of methods' greenness profiles

Several comparative studies included NEMI as one of their
assessment tools. However, the findings suggested that NEMI

19668 | RSC Adv, 2024, 14, 19658-19679

lacked the reliability needed for discriminative comparative
results.>**” Consequently, it was not employed in the current
work. The summary of comparison results for all three green-
ness assessment tools is presented in Table 2. AES and GAPI
provide semi-quantitative results, while AGREE and RBG 12
results are quantitative and qualitative.*® In addition, Table S1
in file 4 of the ESIT provides a summary of all methods ranked
based on their greenness assessment. For a more thorough and
comprehensive evaluation, it is advised to utilize different
greenness assessment tools when analyzing the environmental
impact of analytical methods. This is crucial because not all
tools consider all 12 principles of GAC.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Detailed calculations of the greenness profiles of the reported methods using the Green Analytical Procedure Index (GAPI)

Method Category Assessment GAPI pictograms Ref.
Sample preparation
Collection (1) Offline (red)
Preservation (2) None (green)
Transport (3) Required (yellow)
Storage (4) Under normal conditions (yellow)
Type of method: direct or indirect (5) Extraction required (red)
Scale of extraction (6) Micro-extraction (yellow)
Solvents/reagents used (7) Non-green solvents/reagents used (red)
1 Additional treatments (8) None (green) 29
Reagent and solvents
Amount (9) <10 mL (green)
Health hazard (10) NFPA = 2, moderate toxicity (yellow)
Safety hazard (11) NFPA = 3, high flammability (yellow)
Instrumentation
Energy (12) = 1.5 kW h per sample (yellow)
Occupational hazard (13) Hermetic sealing of analytical procedure (green)
Waste (14) 1-10 mL (yellow)
Waste treatment (15) No treatment (red)
Sample preparation
Collection (1) Offline (red)
Preservation (2) None (green)
Transport (3) Required (yellow)
Storage (4) None (yellow)
Type of method: direct or indirect (5) Extraction required (red)
Scale of extraction (6) Micro-extraction (yellow)
Solvents/reagents used (7) Non-green solvents/reagents used (red)
Additional treatments (8) None (green)
2 32
Reagent and solvents
Amount (9) <10 mL (green)
Health hazard (10) NFPA = 2, moderate toxicity (yellow)
Safety hazard (11) NFPA = 3, high flammability (yellow)
Instrumentation
Energy (12) > 1.5 kW h per sample (red)
Occupational hazard (13) Hermetic sealing of analytical procedure (green)
Waste (14) 1-10 mL (yellow)
Waste treatment (15) No treatment (red)
Sample preparation
Collection (1) Offline (red)
Preservation (2) None (green)
Transport (3) Required (yellow)
Storage (4) None (green)
Type of method: direct or indirect (5) Simple treatment (yellow)
Scale of extraction (6) Macro-extraction (red)
Solvents/reagents used (7) Non-green solvents/reagents used (red)
3 Additional treatments (8) None (green) 16
Reagent and solvents
Amount (9) <10 mL (green)
Health hazard (10) NFPA = 2, moderate toxicity (yellow)
Safety hazard (11) NFPA = 3, high flammability (yellow)
Instrumentation
Energy (12) =0.1 kW h per sample (green)
Occupational hazard (13) Hermetic sealing of analytical procedure (green)
Waste (14) 1-10 mL (yellow)
Waste treatment (15) No treatment (red)
Sample preparation
Collection (1) Offline (red)
4 Preservation (2) None (green) 33

Transport (3)
Storage (4)
Type of method: direct or indirect (5)

© 2024 The Author(s). Published by the Royal Society of Chemistry

Required (yellow)
None (green)
Extraction required (red)
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Table 3 (Contd.)
Method Category Assessment GAPI pictograms Ref.

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)

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)

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)

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)

19670 | RSC Adv, 2024, 14, 19658-19679

Micro-extraction (yellow)
Non-green solvents/reagents used (red)
Simple treatment (yellow)

10-100 mL (yellow)
NFPA = 2, moderate toxicity (yellow)
NFPA = 3, high flammability (yellow)

=1.5 KW h per sample (yellow)

Emission of vapours to the atmosphere (red)
>10 mL (red)

No treatment (red)

Offline (red)

None (green)

Required (yellow)

None (green)

Extraction required (red)
Micro-extraction (yellow)

Non-green solvents/reagents used (red)
Simple treatment (yellow) 23
<10 mL (green)

NFPA = 1, slight toxicity (green)
NFPA = 3, high flammability (yellow)

>1.5 kW h per sample (red)

Emission of vapours to the atmosphere (red)
1-10 mL (yellow)

No treatment (red)

Offline (red)

None (green)

Required (yellow)

None (green)

Extraction required (red)
Micro-extraction (yellow)

Non-green solvents/reagents used (red)
Simple treatment (yellow) .
<10 mL (green)

NFPA = 2, moderate toxicity (yellow)
NFPA = 3, high flammability (yellow)

=1.5 kW h per sample (yellow)

Hermetic sealing of analytical procedure (green)
1-10 mL (yellow)

No treatment (red)

Offline (red)

None (green)

Required (yellow)

Under normal conditions (yellow)
Extraction required (red)
Micro-extraction (yellow)

Non-green solvents/reagents used (red)
None (green)

28

10-100 mL (yellow)
NFPA = 2, moderate toxicity (yellow)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 (Contd.)

Method Category Assessment GAPI pictograms Ref.
Safety hazard (11) NFPA = 3, high flammability (yellow)
Instrumentation
Energy (12) =1.5 KW h per sample (yellow)

Occupational hazard (13) Emission of vapours to the atmosphere (red)
Waste (14) 1-10 mL (yellow)

Waste treatment (15) No treatment (red)

Sample preparation

Collection (1) Offline (red)

Preservation (2) None (green)

Transport (3) Required (yellow)

Storage (4) Under normal conditions (yellow)
Type of method: direct or indirect (5) Extraction required (red)

Scale of extraction (6) Micro-extraction (yellow)
Solvents/reagents used (7) Non-green solvents/reagents used (red)

s Additional treatments (8) Simple treatment (yellow) 18
Reagent and solvents
Amount (9) <10 mL (green)

Health hazard (10) NFPA = 2, moderate toxicity (yellow)
Safety hazard (11) NFPA = 3, high flammability (yellow)
Instrumentation

Energy (12) >1.5 kW h per sample (red)
Occupational hazard (13) Emission of vapours to the atmosphere (red)
Waste (14) 1-10 mL (yellow)

Waste treatment (15) No treatment (red)

Sample preparation

Collection (1) Offline (red)

Preservation (2) None (green)

Transport (3) Required (yellow)

Storage (4) Under normal conditions (yellow)
Type of method: direct or indirect (5) Simple procedures (yellow)

Scale of extraction (6) Micro-extraction (yellow)
Solvents/reagents used (7) Non-green solvents/reagents used (red)
Additional treatments (8) None (green)

9 27
Reagent and solvents
Amount (9) <10 mL (green)

Health hazard (10) NFPA = 2, moderate toxicity (yellow)
Safety hazard (11) NFPA = 3, high flammability (yellow)
Instrumentation

Energy (12) =0.1 kW h per sample (green)
Occupational hazard (13) Hermetic sealing of analytical procedure (green)
Waste (14) 1-10 mL (yellow)

Waste treatment (15) No treatment (red)

Sample preparation

Collection (1) Offline (red)

Preservation (2) None (green)

Transport (3) Required (yellow)

Storage (4) None (green)

Type of method: Direct or indirect (5) Extraction required (red)

Scale of extraction (6) Micro-extraction (yellow)
Solvents/reagents used (7) Non-green solvents/reagents used (red)

10 Additional treatments (8) None (green) 13
Reagent and solvents
Amount (9) <10 mL (green)

Health hazard (10)
Safety hazard (11)
Instrumentation

Energy (12)
Occupational hazard (13)
Waste (14)

Waste treatment (15)

© 2024 The Author(s). Published by the Royal Society of Chemistry

NFPA = 2, moderate toxicity (yellow)
NFPA = 3, high flammability (yellow)

=1.5 KW h per sample (yellow)

Emission of vapours to the atmosphere (red)
1-10 mL (yellow)

No treatment (red)
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Table 3 (Contd.)
Method Category Assessment GAPI pictograms Ref.

11

12

13

14

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)

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)

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)

Sample preparation
Collection (1)
Preservation (2)
Transport (3)
Storage (4)

19672 | RSC Adv, 2024, 14, 19658-19679

Offline (red)

None (green)

Required (yellow)

None (green)

Extraction required (red)
Macro-extraction (red)

Non-green solvents/reagents used (red)
Simple treatments (yellow) 25
10-100 mL (yellow)

NFPA = 2, moderate toxicity (yellow)
NFPA = 3, high flammability (yellow)

=1.5 kW h per sample (yellow)

Emission of vapours to the atmosphere (red)
> 10 mL (red)

No treatment (red)

Offline (red)

None (green)

Required (yellow)

None (green)

Extraction required (red)
Micro-extraction (yellow)

Non-green solvents/reagents used (red)
None (green) 1
<10 mL (green)

NFPA = 1, slight toxicity (green)
NFPA = 3, high flammability (yellow)

>1.5 kW h per sample (red)

Hermetic sealing of analytical procedure (green)
1-10 mL (yellow)

No treatment (red)

Offline (red)

None (green)

Required (yellow)

None (green)

Extraction required (red)
Macro-extraction (red)

Non-green solvents/reagents used (red)

None (green) 2

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

>1.5 kW h per sample (red)

Hermetic sealing of analytical procedure (green)
1-10 mL (yellow)

No treatment (red)

Offline (red)

None (green) 20
Required (yellow)

None (green)
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Method Category Assessment GAPI pictograms Ref.

15

16

17
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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)

Sample preparation
Collection 