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a b s t r a c t

A quantitative evaluation tool is proposed, which aims to assess optimal selection or/and testing of
analytical methods. Objective criteria related to analytical performance, sustainability, environmental
impact and economic cost are evaluated through the definition of penalty points divided into five
different blocks, namely, figures of merit, toxicity and safety, residues, carbon footprint and economic
cost. For each block, the overall qualification is scaled from 0 to 4 and it is depicted on a regular hex-
agonal pictogram that allows a user friendly comparison of analytical procedures. The present evaluation
tool aims to be a guideline for evaluating and/or selecting analytical procedures that are in line with
Green Chemistry philosophy, but also balancing the figures of merit needed for solving a given problem,
safety and cost-effectiveness. Real examples have been tested.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Green Analytical Chemistry (GAC) principles [1] serve as a guide
to define the framework of green analytical procedures. Current
working directions are focused on scaling down the sample amount
or, what is more, applying direct methodologies [2]. Moreover, it is
encouraged the application of solvent-less extraction techniques
[3e5] and/or the introduction of less toxic solvents [6e8].
Regarding the measurement process, the miniaturization is of
outstanding interest, being real-time field measurements the most
valuable option [9]. All these novel ideas share a common main
challenge of sustainable development, which is to achieve a good
compromise between the quality of analytical results and greening
analytical operations.

Initially, the implementation of GAC principles to the every-day
tasks has been carried out qualitatively through the use of the NEMI
pictogram [10]. Nowadays, the establishment of the basis for a
quantitative assessment by means of the use of metrology is of
alc�o).
growing interest. However, it is worth mentioning that the devel-
opment of an evaluation tool is a complex task, given the diversity
of sample matrices and figures of merit that must be considered,
such as LOD, precision, accuracy and linear range, among others. In
the literature, there are some propositions for the quantitative
assessment of the greenness of analytical procedures. Traditional
green chemistry metrics such as atom economy, E-factor and Re-
action Mass Efficiency can be found mainly addressed to organic
synthesis [11,12]. Atom economy and E-factor sustainability is
based on measuring the mass of the reagents used and the mass of
generated waste per mass of obtained product, respectively.
Furthermore, a semi-quantitative tool that defines penalty points
according to how the parameters analyzed differ from an ideal Eco-
Scale has been also suggested [13]. The aim of a quantitative eval-
uation is to detect the weak aspects of the analytical procedure that
could be improved and adapted to the requirements of the GAC.

Starting from the considerations outlined and partial metrics
stablished previously by MINTOTA [14e16], a new quantitative tool
is proposed here. In order to compare different analytical methods
in terms of environmental impact when facing a specific problem
(i.e., to control a physicochemical parameter), several aspects must
be considered and contrasted prior to an ultimate selection. To do
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so, MINTOTA proposed a tool, namely CALIFICAMET [16], for eval-
uating a method performance with respect to its sustainability,
associated risks, analytical features, and related costs. In this regard
and after several efforts by this group [14,15], the developed tool
comprises the rating of five variables: related to the method sus-
tainability, the estimation of the carbon footprint as a metric
parameter to evaluate the environmental negative impact of a
methodology and the study of the generated residues in terms of
their quantity, type, and potential recycling; as for associated
chemical and health risks, they are assessed according to the
toxicity, hazard, and safety considerations (all referred as “toxicity”
hereafter) of the involved reagents/materials; the analytical per-
formance is qualified through the adequacy of the figures of merit
to solve the problem faced; finally, the related cost of the meth-
odology is estimated from the consumption of reagents and energy,
as well as the staff hours and instrumentation required for a given
number of samples (500), which is then normalized to one (i.e., cost
per sample) for a proper comparison. Except for the carbon foot-
print and the cost of the method which are quantified in absolute
terms, the rest of the variables is rated using a 1e5 scale in a
qualitative manner. As illustrative cases, four scenarios were
assessed by using the CALIFICAMET tool in Ref. [16].

However, a complete tool should take into account all the fea-
tures of the techniques employed as well as the key aspects that
define chemical analytical methods including greenness and a
higher degree in absolute terms. In this sense, the present paper
includes penalty points in CALIFICAMET in order to increase the
degree of quantitation of the tool and also a new pictogram is
developed. Assuming an ideal hypothetic sustainable analytical
method, no penalty points are assigned. It means the analytical
protocol is associated with nontoxic reagents or solvents, low
generation of wastes (or subject to appropriate treatment), low
energy consumption and an optimum cost-benefit relation. In
addition to this, safety for both the analyst and the environment
should be guaranteed. Taking into account these sustainable as-
pects, for each of the variables that differ from the abovementioned
hypothetic case, penalty points (PPs) are assessed. As the total score
of penalty points increases, the analytical procedure is worse. The
processed information is summarized in a hexagon as pictogram
that serves for rapid evaluation. Most companies want to clearly
communicate their efforts and results to reduce environmental
impact and to work properly, particularly GAMASER. As a result,
there is a need for a reliable and easy to use tool that does not exist
today and the hexagon-CALIFICAMET can be an option.
2. Definition of the evaluation tool

The evaluation tool proposed comprises five different blocks, as
indicated in Table 1. Firstly, analytical procedures are evaluated
taking into consideration figures of merit, which are divided into
two different groups. On the one hand, Figures of merit 1 (FM-1)
Table 1
Variables of the evaluation tool considered in order to characterize and/or select the mo

Parameter Implication

Figures of merit Adequacy of the analytical
parameter relative to
the sample/method and quality control

Toxicity and Safety Health, hazard and safety

Residues Environmental and sustainability
Carbon footprint (kg CO2) Environmental and sustainability

Annual cost (V) Cost-effectiveness
that involves: the sample treatment, method characteristics and
calibration procedure. On the other hand, Figures of merit 2 (FM-2)
apply for the quality control and accuracy. Additionally, toxicity and
safety blocks state how toxic and hazardous the chemical products
employed are and the exposition of the analyst to risks. Moreover,
the amount of residues generated and their treatment are evalu-
ated in the residues block. Regarding the environmental impact, the
calculation of the carbon footprint [15] is addressed. Finally, the
annual economic cost associated with the analytical procedure
under study is calculated. An evaluation template describing the
items considered in each of the aforementioned blocks is shown in
subsequent sections. Each item has penalty points assigned, which
are indicated on the right side of the template.

2.1. Figures of merit evaluation

The quality parameters or figures of merit are divided into two
different groups as mentioned above, namely figures of merit 1
(FM-1) and figures of merit 2 (FM-2). The lower the penalty points
associated, the better the adaptation of the figures of merit for
solving the analytical problem. In figures of merit (FM-1), param-
eters related to the sample treatment (Table 2), several character-
istics of the method (Table 3) and calibration (Table 4) are
evaluated. These tables include the aspects considered for each
parameter and the penalty points assigned in function of the
several possibilities of the topic, stablishing the best option too. For
each parameter a maximum penalty points have been assigned
based on its incidence in the global position. In reference to pa-
rameters related to sample treatment, Table 2 indicates that the
best option, without penalty points corresponds to a methodology,
which does not use preservation and storage conditions for the
sample, requiring a micro amount of it and does not employ re-
agents or solvents, dilution or concentration for achieving the
required concentrations for the chosen technique and pretreatment
and the number of samples for weekly analyzing is higher than 50.
Table 2 gives the penalty points for the other considered aspects
different to the best option described previously. In general, no
more than four situations have been considered in order to facili-
tate the application of themetric tool. In reference to characteristics
of the method, no penalty points are assigned to a method: in-line,
automatic, portable, nondestructive, multicomponent, rapid
(analysis time less than ten minutes) and robust (see Table 3). The
bestmethod in reference to calibration is consideredwhen this step
requires minimal requirements as it is shown in Table 4.

Specifically, the precision (see Table 4) of the method is evalu-
ated by the Horwitz equation (ISO/IEC 17025 Testing Laboratory)
according to the Equation (1).

RSDR ð%Þ ¼ 2ð1� 0;5$logCÞ (1)

where C is the concentration of the analyte in the sample and
RSDR is the relative standard deviation calculated from results
st convenient analytical procedure.

Interpretation

The lower the value, the better the adaptation of the figures of merit for
providing a reliable analytical result

The higher the value, the worst the contribution to health, environment and
safety
The higher the value, the worst the environmental impact and sustainability
The lower the value, the better the contribution to environment and
sustainability (expressed as kg CO2 equivalent)
The higher the value, the worst the cost-benefit relation



Table 2
Figures of merit related to the sample treatment of the evaluation tool. Penalty
points (PPs) associated are indicated on the right side.

PPs

Sample treatment
and preparation

Preservation No 0
Physical 1
Chemical 2

Storage No 0
Under normal
conditions

1

Under special
conditions

2

Amount Micro 0
Macro 1

Reagents/solvents
used

No 0
�3 1
>3 2

Amount of
reagents, solvents

<1 g 1
1e10 g 2
10e50 g 3
>50 g 4

Instrumental vs
Adequacy to
the method

No need to
dilute/concentrate

0

Dilute/Concentrate
5 times

1

Dilute/Concentrate
more than 5 times

2

Number of weekly
samples

�50 0
50e1 1
<1 2

Pretreatment None 0
Filtration 1
Stirring/Drying on stove 2
Acid digestion 3

18

Table 4
Figures of merit related to the calibration process evaluated by the proposed tool.
Penalty points (PPs) associated are indicated on the right side.

PPs

Calibration Frequency Annual 1
Monthly 2
Weekly 3
Daily 4

Required time �30 min 1
30 min - 2 h 2
2 he8 h 3
>8 h 4

Number of standards 5 1
5e7 2
>7 3

Lineal adjustment R2 R2 � 0,990 0
R2 < 0,990 1

LOD, LOQ limits LOD <1/10 Legislation value 0
1/10 � LOD �1/3 Legislation value 1
LOD >1/3 Legislation value 2

Working range
and linearity

Suitable 0
Partially suitable 1
Inadequate 2

Precision Horrat value (r/R) � Horwitz 0
Horrat value (r/R) > Horwitz 1

17
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generated under reproducibility conditions. The Horrat value re-
fers to the repeatability of the results (RSDr) and establishes the
assumption RSDr ¼ 0.66 � RSDR. Values of the precision evalua-
tion for several analyte concentrations are listed in the supporting
information, SI.

Figures of merit 2 (FM-2) concerns to the parameters related to
quality control/verification (Table 5) and the accuracy (Table 6) of
the analytical method under study. Uncertainty approach is
employed to assess the suitability of the method of analysis to be
used by the laboratory. An uncertainty function (Uf) defines a
Table 3
Figures of merit regarding the method characteristics of the evaluation tool. Penalty
points (PPs) associated are indicated on the right side.

PPs

Method characteristics Method categories in-line 0
on-line 1
off-line 2

Operational mode Automatic 0
Semiautomatic 1
Manual 2

Portability Yes 0
No 1

Method/Sample No destructive 0
Destructive 1

Analytes/sample Multicomponent 0
Unicomponent 1

Time of analysis/sample <10 min 0
10e100 min 1
>100 min 2

Robustness Yes 0
No 1

10
maximum uncertainty value by using the detection limit of the
method (LOD) and the concentration of analyte (C) in the sample
according to the following Equation (2) (ISO/IEC 17025 Testing
Laboratory):

Uf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
LOD
2

�2

þ ð0;1$CÞ2
s

(2)

A suitable method must provide results with a maximum
standard uncertainty given by the previous formula.

2.2. Toxicity and safety evaluation

Classification and labelling of the chemicals of the globally
harmonized system (SGA) [17], as shown in Fig. 1, was considered.
The assignment of the penalty points is based on data found in the
literature [18] for these parameters. The evaluation procedure
consists of collecting the pictograms present in the reagents used in
the analytical method studied. Health and environmental hazards
are considered in the toxicity evaluation section, as indicated in
Table 7. Regarding the evaluation of safety, penalty criteria are listed
in Table 8. The higher the penalization reached, the worst the
contribution to health, environment and safety.

It is worth mentioning that the “Amount of reagent” item pre-
sent in the evaluation template for toxicity and safety accounts for a
Table 5
Figures of merit FM-2 related to the quality control of the evaluation tool. Penalty
points (PPs) associated are indicated on the right side.

PPs

Quality control Frecuency Working day 1
1/2 Working day 2
Serie of 5 samples 3
Each sample 4

Time required 0e30 min 1
30 mine1 h 2
>1 h 3

Number of standards �2 1
3 2
>3 3

10



Table 6
Figures of merit FM-2 regarding the accuracy of the evaluation tool. Penalty points
(PPs) associated are indicated on the right side.

PPs

Accuracy Frequency Working day 1
1/2 working day 2
Series of 5 samples 3
Each sample 4

Time required 0e30 min 1
30 min - 1 h 2
>2 h 3

Concentration levels �2 1
3 2
>3 3

Magnitude/Size RSDmethod (%) � RSD (Uf, %) 0
RSDmethod (%) > RSD (Uf, %) 1

Selectivity Yes 0
No 1

12

Table 7
Toxicity penalty criteria regarding the chemical products employed in the analysis.
Penalty points (PPs) associated are indicated on the right side.

PPs

Toxicity: health
and environmental
hazards

Severe toxicity 3
Corrosive 2
Irritating 1
Irritating to eyes 2
Irritating to respiratory
system and skin

3

Mutant 3
Carcinogen 3
Toxic/Poisonous 3
Systemic toxicity for target organ 3
Toxicity to the aquatic environment 1
Amount of reagent* 1e3

27

Table 8
Safety penalty criteria during the analytical procedure. Penalty points (PPs) associ-
ated are indicated on the right side.

PPs

Safety:
Physical hazards

Explosives 4
Flammables 1
Causes burns 2
Low pressure gases 1
Self-reactive substances 1
Pyrophorics 1
Substances experience spontaneous heating 4
Water-activated flammable gases 2
Organic peroxides 4
Corrosive for metals 2
Amount of reagent* 1e3

25
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quantitative assessment of the chemicals employed in the analysis.
Penalization ranges from 1 to 3 points according to the following
formula:

X�
Areagents þ Bcalibration þ CQuality control þ Daccuracy

�
$

3
Maximum PPs

(3)

In the previous formula, the term Areagents refers to the amount
of reagents or solvents employed from sample treatment (see
Table 2). B term stands for the sum of the penalty points assigned to
the number of standards used and frequency of the calibration (see
Table 4) while C term accounts for the standards and frequency
during the quality control procedure (see Table 5). The last term D
accounts for the penalty points associated with the needed fre-
quency of accuracy validation (see Table 6). Eventually, the
maximum penalty points in the denominator are computed by the
sum of the penalties from all the items listed in Tables 7 and 8,
respectively, except the item related to the amount of reagent. This
means toxicity and safety evaluations run up to 24 and 22 penalty
points, respectively.
2.3. Residues evaluation

The definition of green chemistry metrics to evaluate waste
generation of analytical methods has been defined in Table 9 in
accordance with values found in the bibliography [13,19]. Penalty
Fig. 1. Pictograms of the globally harmonized system of classification and labelling of
chemicals (GHS).
points are assigned depending on the amount of wastes produced
by the analysis, the possibility of waste processing such as recycling
and the type of disposable material generated once the analysis is
completed.

2.4. Environmental impact evaluation

The parameter used to quantify the environmental impact of the
analytical procedure is expressed by kilograms of CO2 equivalent or
the so called carbon footprint [15], whose estimation is computed
by means of the following expression:

kg CO2 eq ¼
X

Instrument Power ðkWÞ$Analysis time ðhÞ

$ Emission factor for electricity
�
kg

CO2

kWh

� (4)

inwhich the electricity consumed by the instrumental equipment
is multiplied by the analysis time per sample (in hours) and by a
reference constant value emission factor equal to 0.247 kg CO2/kWh
[20]. Thepower consumption taken as reference for several analytical
procedures is listed in the supporting information, SI.

2.5. Economic cost evaluation

An estimation of the annual economic cost (in V) is calculated
taking into consideration the sum of the criteria listed in Table 10.

3. Final representation of the method evaluation

Once the penalty points computation for the variables of the
method has been performed, a scale of five levels with an overall



Table 9
Definition of penalty points (PPs) to assess waste generation of an analytical
procedure.

PPs

Amount None/Negligible 0
<1 g 1
1e10 g 2
10e100 g 3
100e500 g 4
500e1000 g 5
>1 kg 10

Waste treatment Recycling/Unnecessary 0
Degradation 1
No treatment 3

Disposable material No 0
Yes (glass) 2
Yes (plastic) 5

18

Table 10
Parameters considered for the evaluation of the annual economic cost.

Parameters Reference values

Number of samples Annual average
Time of analysis (in hours) Per sample
Equipment cost To be defined for each analysis
Amortization period 10 years
Salary skilled personnel 15 V/hour
Electricity consumption 0,15 V/kWh
Reagents To be defined for each analysis
Consumable material To be defined for each analysis

Fig. 2. Regular hexagon with six equilateral triangles em-ployed to evaluate and
quantify the sustainability of an analytical procedure.

A. Ballester-Caudet et al. / Trends in Analytical Chemistry 118 (2019) 538e547542
qualification ranging from 0 to 4 is established. In Table 11 the score
assignment for each variable of the evaluated method is related to
the definition of intervals of the penalty points. It is worth
mentioning that the notation [a, b] implies that a � x � b while [a,
b] covers the interval a � x < b. The higher the score, the following
implications are assumed:

� The worse the adaptation to the control of the analytical
parameters

� The higher the environmental and health impact
� The less cost-effective analytical procedure

The final qualification mark is represented bymeans of a regular
hexagonwith six equilateral triangles. Each triangle corresponds to
a variable of the evaluated method, except for the case of the
toxicity and safety variables that are included in the same triangle
(see Fig. 2).

4. Evaluation examples

The proposed evaluation tool has been employed to characterize
several analytical procedures involved in water industry analysis.
Specifically, the evaluation process consists of assigning the penalty
Table 11
Overall qualification (OQ) of the variables of the method according to penalty points ran

OQ Penalty points scale for all the variables

FM-1 FM-2 Toxicity Safety

0 [0, 5] [0, 4] [0, 5] [0, 2]
1 [6, 15] [5, 8] [6, 12] [3, 5]
2 [16, 25] [9, 12] [13, 18] [6, 9]
3 [26, 35] [13, 16] [19, 25] [10, 14]
4 [36, 45] [17, 23] [26, 33] [15, 22]

a All the above-indicated values are included.
points for the studied method for all the variables from Fig. 2. In
addition to this assessment, two simulated procedures are tested
taking as reference the studiedmethod: one applies green chemical
principles whereas the least green alternative is also analyzed. In
reference to carbon footprint, the greenest method considers the
shortest analysis time less than 10 min (i.e. 1 min) whereas the
worst environmentally friendly analysis is supposed to be per-
formed in 101 min (see Table 3). In order to define the most sus-
tainable method in reference to the cost parameter, the analysis
time is evaluated following the same criteria as for the carbon
footprint calculation. Additionally, the number of samples per week
is also taken into account. The greenest alternative considers at
least 50 weekly samples while only one sample is considered in the
worst sustainable analysis method (see Table 2).

To assess waste generation, the greenest analytical procedure is
defined by the lowest number of penalty points as listed in Table 9,
that is, negligible amount of waste produced, unnecessary waste
treatment and non-disposable material generated. The worst
environmental analytical procedure accounts for the opposite
evaluation with the highest penalty points assigned. The greenest
option for figures of merit 1 and 2 assigns the lowest number of
penalty points from Tables 2e6 except for the intrinsic character-
istics of the analysis method such as uni/multicomponent analysis
and (non)destructive analysis. The opposite holds for the worst
environmentally friendly analysis procedure. In addition to this,
method categories, portability, robustness, linear adjustment, LOD/
LOQ limits, selectivity and accuracy magnitude/size are fixed to the
original analysis method evaluated. Regarding the toxicity and
safety evaluation criteria, the most sustainable analysis is defined
by the lowest penalty points assigned to the Areagents, Bcalibration,
Cquality control and Daccuracy terms (see Amount of reagent section in
ges.

Residues Carbon footprint Economic cost

[0, 5] [0, 0,1) [0, 5000)
[6, 10] [0,1, 0,5) [5000, 15000)
[11, 15] [0,5, 1) [15000, 30000)
[16, 20] [1, 2) [30000, 50000)
[21, 24] [2, >30a] [50000, >50000a]



Fig. 3. Representation of the variables of the studied method (blue) for the determination of Hg by AAS, a predicted greenest method (green) and a predicted less green
method (red).
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Tables 7 and 8) in contrast to the worst sustainable analysis that
accounts for the highest number of penalty points.

Once the evaluation tool has been applied for the before
mentioned three analytical procedures, results are represented in
Fig. 4. Regular hexagonal pictogram for the evaluation of Hg determination by AAS for the
histogram graphs. For the sake of comparison, the studied
method and the simulated greenest and less green alternatives
are depicted jointly in order to evaluate the variability of PPs and
hexagons.
studied method (blue), a greenest method (green) and the less green method (red).



Fig. 5. Representation of the variables of the studied method (blue) for the Hg determination by ICP-MS and simulated green-est method (green) and less green method (red).
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Routine physicochemical procedures in water industry have
been chosen to show the evaluation tool performance. Firstly, the
analytical determination of mercury is characterized when
employing atomic absorption spectroscopy (AAS) (see Fig. 3 and
Fig. 6. Regular hexagonal pictogram for the evaluation of the studied method (blue) for th
method (red).
Fig. 4) and inductively coupled plasma in tandem with mass
spectrometry (ICP-MS) (see Fig. 5 and Fig. 6). Figs. 3 and 5 give the
penalty points for each determination and Figs. 4 and 6 show the
hexagon pictograms obtained according Table 11. The mercury
e Hg determination by ICP-MS and simulated greenest method (green) and less green



Fig. 7. Representation of the variables of the studied method (blue) for the determination of pesticides by GC-MS with thermic desorption module, a predicted greenest method
(green) and a predicted less green method (red).
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determination by AAS technique offers advantages in terms of
sustainability because it involves a method without sample treat-
ment and the generation of residues is minimum. However, the use
Fig. 8. Regular hexagonal pictogram for the evaluation of pesticides determination by GC-M
method (green) and the less green method (red).
of significate amounts of mercury standards increases the penalty
points associated to the toxicity, as it can be seen in Fig. 3 showing
the PPs and Fig. 4, which gives the hexagon. On the other hand, the
S with thermic desorption module for the studied method (blue), a greenest simulated



Fig. 9. Representation of the variables of the studied method (blue) for the determination of pesticides by LC-MS, a predicted greenest method (green) and a predicted less green
method (red).
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ICP-MS technique is considered as a highly sensitive method of
analysis that requires sample treatment. Moreover, the ICP-MS
technique offers no possibility to perform a direct determination
due to the heavy instrumentation, giving rise to a higher
Fig. 10. Regular hexagonal pictogram for the evaluation of pesticides determination by LC-M
method (red).
penalization score. Additionally, it generates a considerable amount
of residues (see Figs. 5 and 6 for PPs and hexagon, respectively). The
simulated procedures for both methodologies, AAS and ICP-MS
indicated an adequate variation in PPs and hexagon pictograms.
S for the studied method (blue), a greenest simulated method (green) and the less green
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Regarding chromatographic techniques, the determination of
pesticides is investigated. It is observed that the gas chromatog-
raphy coupled to mass spectrometry (GC-MS) with thermal
desorption module (see Fig. 7 and Fig. 8) has disadvantages
compared to the liquid chromatography technique (LC-MS) as it can
be seen in Fig. 9 and Fig. 10. It involves a longer and more complex
sample treatment and it implies the manipulation of gases under
pressure that increases the penalization in the evaluation process.

Additional evaluation results for other methods are shown in
the supporting information, SI.

5. Concluding remarks

The establishment of a complete evaluation tool has been pro-
posed to characterize and/or to select analytical procedures. The
suggested quantitative tool allows a user friendly visual inspection
of the characteristics of an analytical procedure by means of the
regular hexagonal pictogram. This pictogram, composed of six
equilateral triangles, accounts for the variables of the analytical
method that are assessed and quantified, such as the figures of
merit, toxicity and safety, residues, environmental impact and
economic cost. This is a powerful tool that aims to guide the se-
lection of the analytical procedure that possesses the best
compromise between sustainability and cost-effective aspects. The
existence of green chemistry metrics is widely encouraged not only
in research laboratories but also in industries since greenness is a
contemporary driving force that promotes the development of
more environmentally-friendly analytical scenarios.
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