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Sample preparation is a key step in the analytical procedure and a critical component for achieving analytical
greenness. AGREEprep is the first metric intended for evaluating the environmental impact of sample preparation
methods. The approach consists of ten steps of assessment that correspond to the ten principles of green sample
preparation and uses a user-friendly open-source software to calculate and visualize the results. Despite the
simplicity of the approach, some assessment steps can be difficult to evaluate in a straightforward manner, either
because essential data are not readily available or, in some cases, are poorly defined.

This walkthrough tutorial on AGREEprep serves as an in depth yet simple guide for new users that elucidates
all aspects of the greenness assessment. It will prove beneficial to analysts wishing to assess the greenness of
their own developed procedures or those found in the literature, which can be challenging taken that critical
data is often not reported. Particular attention is given to the calculations involved in estimating the amount of
waste generated and energetic requirements. The impact of weight values of criteria on the overall final score
are discussed and using two hypothetical scenarios is related to the analytical goals of operators. Finally, several
assessment examples are given in the supplementary information to familiarize assessors with all assessment

steps.

1. Introduction

Sample preparation is a key step in analytical procedures that
is essential for the separation/enrichment of analytes, the re-
moval/minimization of matrix interferences and achieving compatibil-
ity with the determination technique. Although essential, sample prepa-
ration may increase the environmental impact of the overall analytical
method, mainly because of the large requirements in solvents, reagents,
chemicals, materials, and energy. On this basis, the Green Analytical
Chemistry (GAC) approach excluded sample preparation from green an-
alytical practices by suggesting in the first of its twelve principles to
avoid this step [1] alltogether. To address the exclusion gap created by
GAC, Green Sample Preparation (GSP) was recently defined and formu-
lated in the form of ten principles aiming to protect the environment

and human health [2]. Most of these principles are directly related to
the sample preparation procedure, and two principles (1 and 9) refer to
pre- and post- sample preparation analytical activities.

Although the ten principles of GSP established a road map toward
the development of overall greener analytical methodologies, they did
not measure the environmental impact of sample preparation methods.
For this reason, a new metric tool, termed AGREEprep, was recently
proposed and was the first reported metric focusing on sample prepa-
ration [3]. AGREEprep is based on ten consecutive steps of assessment
that correspond to the ten principles of GSP. Compared to other pub-
lished metrics, AGREEprep provided appropriate levels of accuracy and
specificity for assessing the environmental impact of sample prepara-
tion methods [3], mainly because previously published metrics did not
give sufficientattention to the sample preparation step. In addition to
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evaluating greenness, AGREEprep assessment can assist detecting the
strengths and weaknesses of methods, thereby facilitating the greening
of sample preparation procedures.

The evaluation of greenness can involve steps that are difficult to
“quantify” either because values are not readily available or, in some
cases, are poorly defined, e.g., energy demands, calculation of waste.
The aim of this tutorial is to provide a simple and thorough guide for
using the AGREEprep metric tool. All aspects on greenness evaluation
are elucidated and exemplified. A special focus is given on estimating
the amount of waste generated and energetic requirements. The weights
of criteria and their default values are also discussed together with their
impact on the final score using different hypothetical scenarios.

2. AGREEprep evaluation

The AGREEprep open access software can be obtained
from mostwiedzy.pl/AGREEprep, and the code is available at
git.pg.edu.pl/p174235/agreeprep. In case of difficulties with de-
ploying the desktop version of the software, the user can access an
online emulator by following the link provided at the project’s website
(mostwiedzy.pl/agreeprep), where one can also find a link to a short
video with instructions on how to run the emulator.

The ten individual steps of assessment in AGREEprep take scores
ranging from O to 1, with the extremes representing the worst and ul-
timate performance respectively. Each criterion has a default weight
to the overall score, and assessors may choose to change the default
weights and adjust them to their analytical goals, provided that they
justify these changes. The scores from each criterion are weighted and
combined to yield the overall score that also ranges from 0 to 1, with 1
representing optimum performance.

AGREEprep software requests input data for each of the ten steps of
assessment and after completion of the evaluation it produces a round
pictogram with a circle in the center that shows the overall score and
ten trapezoid bars corresponding to the ten criteria, each having a length
equivalent to the assigned weight. The color of each element changes
after evaluation, thus providing an easy way to identify the weak and
strong points of the procedure, and their contribution to the final score.

A step-by-step discussion of the assessment criteria follows that ex-
emplifies their input values and uses case studies to present the different
aspects of the greenness assessment.

2.1. Input data for Criterion 1: Favor in situ sample preparation

The first criterion relates sample preparation to the sampling step
and aims at the reduction of time, waste, energy, and materials to be
transported to the laboratory. To assess this criterion, AGREEprep dis-
tinguishes four options. The first option, assigned with the highest score,
is in-line/in situ sample preparation, and considers sample preparation
carried out in situ directly in the investigated object with no withdrawal
of samples from it. The second, on-line/in situ sample preparation, con-
siders sampling and sample preparation being performed in a side-line
of the object under investigation with samples being continuously with-
drawn from the object and then prepared in situ and in some automated
way. In most cases, such on-line systems are not commercially avail-
able and suitable interfaces need to be designed for each application
[4]. It should be noted that the on-line/in situ option must not be mis-
taken with on-line/at-line analysis performed in the laboratory, consist-
ing of systems coupling sample preparation with the consequent analy-
sis technique [5,6]. On site sample preparation is the third option and
involves collecting samples on site and preparing them using sample
preparation device(s) brought in the sampling site. Extracts are then
transferred to the laboratory for further analysis. In the last option of
ex situ sample preparation, samples are collected from the object and
then transported to the laboratory for sample preparation and analysis.
This option is the worst-case scenario and is assigned with the lowest
score.
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2.2. Input data for Criterion 2: Use safer solvents and reagents

This criterion is focused on the application of safe, non-toxic sol-
vents, reagents, catalysts and mineralization/derivatization agents. It
favors sample preparation systems that are miniaturized or, even bet-
ter, solventless and reagentless. All chemicals that are toxic via any ex-
posure pathways are accounted here and AGREEprep assumes that any
amount above 10 mL or grams is not acceptable (score 0). In practice,
there are procedures that do not state the amounts of reagents used, e.g.,
when adjusting the pH to specific values. In such cases, estimations of
these amounts can be made using personal laboratory experience after
considering the type of reagent and sample size.

The chemicals that are considered safe are water, inert gases, green
alternatives to hazardous chemicals, and substances that are authorized
for consumption apart from ethanol. A past report reviewed several ex-
amples of natural and safe reagents [7], including enzymes or crude
plant extracts. Moreover, green and bio-based solvents were recently
summarized and included alcohols, esters, carboxylic acids and terpenes
[8]. The same report raises an interesting point to consider after compar-
ing for different bio-solvents, their greenness scores, toxicities towards
fish, and ability for biodegradation (Table S1 in the Supplementary In-
formation). The data showed that although most bio-based solvents are
biodegradable, some of them are toxic towards aquatic organisms and
should therfore be considered problematic [8].

2.3. Input data for Criterion 3: Target sustainable, reusable, and renewable
materials

Criterion 3 promotes materials that are sustainable, renewable and
reusable. The assigned scores are based on the percentage amount of
such materials used in the sample preparation procedure.

Reusability refers to any material that can be used more than once.
This typically refers to extracting materials that can be regenerated us-
ing a thermal or solvent desorption step. The terms sustainable and re-
newable are both related to the plant- or bio-based origin of materi-
als. The two terms are often used interchangeably, although differences
exist between them. Resources qualify as renewable if they can be re-
plenished naturally (such as crops and biomatter), whereas sustainable
resources can be maintained for the foreseeable future without compro-
mising future generations [9]. Cellulose is one of the most important and
abundant renewable material for a multitude of applications in sample
preparation including paper strips and filter papers. Other examples in-
clude cork, cotton and other material that are sourced from living plants
and animals powered by solar energy. It is noted that not all renewable
resources qualify as sustainable and vice versa. For example, several
plant-based materials cannot be replenished within a period of 10 years
or less, so in the long run, they may not be renewable in a sustainable
manner [9]. Moreover, biomass carbon materials can be renewable, but
their generation may release greenhouse gases which can be harmful to
the environment and are therefore considered unsustainable. Sustain-
able materials vary enormously and may include bio-based polymers or
highly recyclable materials. It is noted that glass is considered highly
recyclable as it can be reprocessed an indefinite number of times with-
out requiring additional mineral resources. However, laboratory glass-
ware when used only once generates waste, which can impact the en-
vironment [10]. In this direction, washing the glassware and reusing it,
should be preferred over considering it as a single-use item.

2.4. Input data for Criterion 4: Minimize waste

The fourth criterion focuses on minimizing the waste generated dur-
ing sample preparation procedures. AGREEprep gives the highest (1.0)
and lowest (0.0) scores to methods that generate less than 0.1 g (or mL)
and more than 50 g (or mL) of waste, respectively, and uses a logarith-
mic function to calculate scores when the amount of waste is between
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Fig. 1. Flow diagram for estimating the amount of waste generated by a sample preparation method.

these two levels. With the aim of identifying and assessing the differ-
ent sources of waste generation in a systematic way, a flow diagram is
provided in Fig. 1.

Initially, the amount in grams of single-use materials and consum-
ables (A) is evaluated (e.g., micropipette tips, filters, solid-phase ex-
traction (SPE) cartridges, extraction thimbles), followed by the amount
of reusable materials (e.g., solid-phase microextraction (SPME) fibers)
divided by the number of times they can be used (B). The amount of
chemicals required (C) for sample preparation is then considered. Any
reagents and solvents used must be considered at this step, regardless
of their environmental, health, and safety issues, since these aspects are
assessed in subsequent criteria. Notwithstanding, the amount (C) has
to be corrected by subtracting the amount of materials divided by the
number of times they can be used (D).

When the in line/in situ sample preparation approach is not followed,
the sample itself (or part of it) can be considered as waste depending
on the sample preparation method. This is the case of liquid samples
treated with reagents (e.g., acids, bases or salts) or solvents, in which

case the total amount of sample is considered as waste (E). A zero contri-
bution to waste from the sample is selected when (i) chemicals are not
added to the sample, (ii) the sample does not come into contact with
the acceptor phase (e.g., headspace methods) or (iii) the acceptor phase
does not contaminate the sample (e.g., direct-SPME, stir bar sorption ex-
traction (SBSE), thin film microextraction (TFME)). When solid samples
are treated with clean extractants (e.g., ultrapure water or supercriti-
cal carbon dioxide without modifiers) and diluted to volume without
the addition of chemicals, a zero contribution to waste is considered.
Conversely, when solid samples are treated with acceptor phases that
contaminate the solid matrix (e.g., Soxhlet extraction, microwave- or
ultrasound-assisted extraction involving solvents other than water, su-
percritical fluid extraction involving modifiers), then the final volume
(F) is accounted as waste (also considering the probable dilution of the
extract or digestate before the analysis). Furthermore, when solid sam-
ples are not completely dissolved or digested, the resulting solid residue
(G) is also considered as waste and needs to be added to the previous
amount (F). In the case of gaseous samples, additional chemicals are
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not considered since they are covered in the previous steps of the flow
diagram. The total amount of waste is then calculated for gaseous sam-
ples as A+B+C-D, for liquids as A+B+C-D+E and for solids as A+B+C-
D+F+G. The only exceptions are when the chemicals considered in C
and D are contained in the final volume, then the total amount of waste
is calculated as A+B+E for liquid samples, and A+B+F+G for solid sam-
ples.

2.5. Input data for Criterion 5: Minimize sample, chemical, and material
amounts

Criterion 5 is related to miniaturization and considers the sample size
expressed in units of mass or volume. Although the size of the sample
is in many cases not of concern from the point of view of abundancy,
large samples may increase energy demands (during heating, cooling,
mineralizing), consumption of chemicals and waste generation, next to
reducing the potential for automation and portability. For these reasons,
AGREEprep considers sample sizes above 100 mL or grams not accept-
able.

It should be noted that in some extreme cases the mass of sample
is variable, as seen in the mass of particulate matter fallout or concen-
tration [11] before polycyclic aromatic hydrocarbons or heavy metals
determination. In such cases, it is advisable to assume the typical mass
of collected particulate matter sample.

2.6. Input data for Criterion 6: Maximize sample throughput

Sample throughput does not directly affect the greenness of the sam-
ple preparation procedure but is related to energetic demands and occu-
pational exposure risks for operators. It is defined as the number of sam-
ples prepared in one hour and is to be distinguished from the throughput
of the entire analytical procedure. In general, sample throughput can be
maximized in two ways. The first one is to use very short sample prepa-
ration times for rapidly processing many samples in series, one after
another. Another way is to treat several samples in parallel so that even
if long sample preparation times are needed, a high sample through-
put can be achieved. For example, extraction of one sample by Soxhlet
extraction for 24 h yields a 0.042 h™! sample throughput. If the same
Soxhlet extractor can accommodate up to 6 samples then extracting 6
samples for 24 h will increase sample throughput to 0.25 h~!. Some
more examples of sample throughput calculations are given in Table S2
in the Supplementary Information.

2.7. Input data for Criterion 7: Integrate steps and promote automation

This criterion suggests integrating steps and automating procedures
to save time, minimize human intervention and errors next to lower
chemical consumption and waste generation. It is equally important that
automation and to some extent integration of sample preparation steps
may also reduce exposure risks for operators. To assess this criterion,
two sub-criteria are considered and the resulting sub-scores are com-
bined. Initially, the number of sample preparation steps is inserted (less
or equal to 2 steps is rated with the highest score and procedures with
6 steps or more are rated with a 0 score). At this point it is important
to provide the definition of a step in sample preparation: a step is as an
operation or set of operations that leads to a change of sample matrix or
change in sample matrix volume, properties or composition, phase sep-
aration or even change the analyte itself. Representative examples of
sample preparation steps include filtration, dilution, decantation, min-
eralization, extraction, centrifugation, sorption, analytes derivatization,
drying, lyophilization. It is advised not to consider minor operations as
separate steps. For instance, the procedure of adding a mineral acid to
the sample, applying microwave irradiation for 20 min and the trans-
fer of mineralizate from cell to flask, should be treated as a single step
rather than three separate steps. Moreover, if the same operation is re-
peated (such as a second extraction of the sample with a new portion of
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solvent) and this repetition is fixed in the procedure, then it is advised to
treat these series of steps as a single step. Likewise, if the sample prepa-
ration procedure states “dilute until certain parameter is reached”, “add
reactant portions until change of colour” or “rinse until total transfer of
sediment” and the number of repetitions is not stated, then it is advisable
to treat this part of the procedure as a single step.

The criterion 7 also evaluates the degree of automation of the pro-
cedure and considers as: (i) fully automated systems those that exclude
involvement of operators in the sample preparation procedure, (ii) semi-
automated systems those that involve partial involvement of operators,
and (iii) manual systems those that require the direct participation of
analysts.

2.8. Input data for Criterion 8: Minimize energy consumption

Energy consumption is a crucial point to consider in greenness assess-
ment. To evaluate the impact of this criterion the total energetic require-
ment of the electrical appliance/instrument must be estimated for the
specific time needed to complete the sample preparation step, and then
divided by the number of samples extracted, i.e., express energy con-
sumption in terms of watt-hour (Wh) per sample. This normalization of
energy demands is important when several samples are simultaneously
prepared whilst using the same electrical appliance/instrument.

In general, watt-hour is commonly used in electrical applications and
represents the unit of energy equivalent to one watt (1 W) of power
expended for one hour (1 h) of time. It should be remembered that
watt is a unit of power and not energy, i.e., measure of the rate at
which energy flows at a moment in time and cannot quantify energetic
demands of the system. The latter is typically calculated by multiply-
ing the power of the electrical appliance (in W) with time (in h). The
power value of the electrical appliance used is listed in the manufac-
turer’s technical specifications sheet or on the back of the instrument’s
hardware and represent maximum values. For example, magnetic stir-
rers may be equipped with a hotplate having an 830 W power rat-
ing. This is the maximum value corresponding to operating the elec-
trical appliance at the maximum temperature e.g., 300°C. For lower
temperatures, the actual power value will be lower and if only mag-
netic stirring is applied then the power will be reduced to e.g., close to
30 W, a typical value corresponding to the maximum rotating speed.
It should be mentioned here that a past report investigating the en-
ergy consumption of analytical instrumentation, measured actual power
values that were about 40% of the posted maximum value given by
the manufacturer [12]. In the same report, the authors applied a 40%
correction factor for those systems that were unable to be physically
measured.

The calculation of energy consumption can be a problematic step in
assessing the greenness of analytical methods, and this includes sam-
ple preparation methods. AGREEprep takes into account the nominal
wattage given by vendors to calculate scores without applying a cor-
rection factor, and the resulting score will remain valid as it is used to
evaluate the comparative performance of sample preparation methods
[3,13]. In AGREEprep, energy requirements below 10 Wh per sample
receive the highest score equal to 1, whereas energy demands above
500 Wh per sample correspond to the worst performance (score = 0).
Table 1 lists several examples and shows the calculations for obtain-
ing the Wh per sample values. It must be kept in mind that the nomi-
nal wattage values considered in Table 1 are for specific models from
vendors that were randomly chosen and do not correspond to average
values. On the contrary, they are expected to vary even between models
from the same manufacturer. Table 1 shows that reducing the opera-
tion time and/or increasing the number of samples processed simulta-
neously may improve the greenness of the sample preparation method
under evaluation. To further demonstrate the above, Supplementary
Table S3 shows calculated Wh per sample values for selected wattage,
operation times and compares values when one sample or six samples
are simultaneously processed.



F. Pena-Pereira, M. Tobiszewski, W. Wojnowski et al.

Table 1

Watt-hour per sample values for different sample preparation instrumentation
based on the nominal wattage (given in parentheses) and different scenarios
with regards to operational time and number of samples processed.

Microwave digestor (1900 W)

0.5 h operation for 1 sample (1900 W x 0.5 h) / 1 sample = 950 Wh/sample
0.5 h operation for 10 samples (1900 x 0.5 h) /10 samples= 95 Wh/sample
Manual Soxhlet extraction (2700 W)

8 h operation for 1 sample (2700 W x 8 h) / 1 sample = 21600 Wh/sample
8 h operation for 6 samples (2700 W x 8 h) / 6 samples = 3600 Wh/sample
Automated Soxhlet extraction (1200 W)

2 h operation for 6 samples (1200 W x 2 h) / 6 samples = 400 Wh/sample
Ultrasound bath (130 W)
0.5 h operation for 1 sample
Shaker agitator (50 W)

24 h operation for 1 sample (50 W x 24 h) / 1 sample = 1200 Wh/sample
24 h operation for 10 samples (50 W x 24 h) / 10 samples = 120 Wh/sample
Accelerated solvent extraction (500 W)

0.2 h operation for 1 sample (500 W x 0.2 h) / 1 sample = 100 Wh/sample

(130 W x 0.5 h) / 1 sample= 65 Wh/sample

2.9. Input data for Criterion 9: Choose the greenest possible post-sample
preparation configuration for analysis

Several measurement and instrumental techniques can be used af-
ter sample treatment, and the final choice may depend on the ana-
lytical performance requirements or even availability. AGREEprep dis-
tinguishes four options to assess this criterion that range from sim-
ple, readily available detection systems (such as smartphones and desk-
top scanners; score = 1) to advanced mass spectrometry techniques
and inductively coupled plasma (score = 0). If the system used is not
listed then analytical chemists performing the assessment should se-
lect, as a good approximation, the closest one or the one having sim-
ilar greenness impact. Moreover, if more than one determination steps
are used for the same extract, it is recommended to select the most
problematic option as the final determination technique for AGREEprep
assessment.

It should be noted that in some cases analysts select simple, if any,
sample preparation procedures and rely on sophisticated analytical in-
struments with extremely high separation power to isolate analytes. This
approach may be very demanding in terms of energy consumption and
sometimes material inputs, shifting the environmental impact from sam-
ple preparation to the determination step. In these cases, AGREEprep
will not be able to evaluate the greenness of the overall analytical pro-
cedure. Therefore, to achieve greenness in methods it is recommended
to opt for simple, widely available final determination systems over so-
phisticated ones.

2.10. Input data for Criterion 10: Ensure safe procedures for the operator

Operators can be potentially exposed to several hazards that should
be minimized and controlled. AGREEprep considers the number of the
operational hazards (i.e., chemical, electrical, physical, or biological
hazards) and assigns scores from 0 (involving four or more hazards)
to 1 (no operational hazards). To evaluate this criterion, the number of
pictograms of each of the substances used is considered to assess the
exposure to chemical hazards. This information being provided in sec-
tion 2 (hazards identification) of the material safety data sheet (MSDS)
files. In addition, electrical, physical, and biological hazards that may
result in personal injury to the operator are considered whenever avail-
able in MSDS files or the technical specifications of the apparatus used
to perform sample preparation. For convenience, the pictograms that
need to be counted on MSDS basis are depicted in the Supplemen-
tary Fig. S1. It is noted that when the same hazard pictogram appears
in the MSDSs for more than one compound, then it is counted only
once.
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3. Weights for criteria

A closer study of the ten criteria used for the greenness assessment,
shows that they are not equal in terms of their importance. For exam-
ple, selecting in-situ sample preparation or choosing to integrate steps is
presumably less significant in terms of greenness than the volume of sol-
vents used, energy requirements or assuring safety for the analyst. For
this reason, default weights are suggested and applied during assessment
with the option to modify them provided that any changes in weights
are clearly justified and related to the importance of the corresponding
criteria.

One of the underlying reasons for changing values in weights may
be to adjust the greenness assessment to the goals of the sample prepa-
ration method. To exemplify this, two hypothetical scenarios are dis-
cussed here, and the corresponding changes in weights for each cri-
terion are summarized in Table 2. In the first scenario (Scenario 1),
analysts seek to promote simple and automated systems with the funda-
mental aim to limit the operational exposure. The analysts and decide
to tune the greenness assessment to their analytical goals by increas-
ing the weights of criteria 1, 6, 7 and 9. The importance of sample
size (criterion 5) is also increased, as smaller samples have a greater
potential for automation. In this hypothetical scenario, the use of safe
solvents/reagents/materials, safety of the operator and energy demands
(criteria 2, 3, 8 and 10) are of less importance and as such, their weights
are reduced. In the second scenario (Scenario 2), analysts seek to pro-
mote the application of safe reagents, materials, and the generation of
benign wastes. Accordingly, the weights of criteria 3, 4, 5 and 10 are
increased, pointing out the high significance of non-problematic waste,
small sample size and safety of the operator. At the same time, analysts
in Scenario 2 consider speed and automation (criteria 6 and 7) of less
importance and as such, their weights are lowered.

The default weights and the weights assigned in the two scenarios
were then applied to evaluate the greenness of two published methods.
The first one considered an on-site analysis protocol based on microex-
traction by packed sorbent (MEPS) technique used for the determination
of UV filters in water samples [14]. This fully automated procedure in-
cluded the preparation of 800 L water sample with sorbent trapping
of analytes and the extraction cycle time was 10 minutes. The proce-
dure required 0.25 mL of MeOH for conditioning and washing and 50
uL of ethyl acetate for analytes elution. The energy requirement for the
sample preparation step was not stated and was estimated as 20 Wh per
sample. The results of the AGREEprep assessments based on the three
different scenarios (Table 2) are presented in Fig. 2 and the evaluation
reports generated by AGREEprep can be found in the Supplementary
Fig. S2A-S2C. Fig. 2 clearly shows the differences in weights as re-
flected by the size of the outer trapezoidal parts of the graphical result.
Moreover, Fig. 2 shows that the final score in Scenario 1 (promoting
simple and automated systems) was the same as the one obtained with
the default weights, and that the changes made in the individual scores
canceled each other. Similarly, the final score of Scenario 2 (safe chem-
icals/materials) was almost the same as the one with default weights.
Overall, the published method under evaluation being inherently sim-
ple, automated, and involving safe chemicals and materials, satisfied the
analytical goals of each hypothetical scenario tested here, and for this
reason adjusting the weights to the requirements of each scenario did
not result in a substantial (if any) change in the final score.

The second evaluated method involved SPME combined with gas
chromatography/high-resolution time-of-flight mass spectrometry for
the extraction of organic micropollutants (including a UV filter) in water
samples [15]. SPME was performed manually and in an ex situ mode. The
sample size was 4 mL and SPME sampling was performed for 45 min at
room temperature. Magnetic stirring was only applied during extraction
and the corresponding energetic requirement was assumed to be 22.5
Wh per sample. The results of the AGREEprep assessments after apply-
ing the default weights and the two hypothetical scenarios are given in
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Table 2
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The default weights used in AGREEprep and the new weights based on Scenarios 1 and 2.

Criterion  Criterion description Default weights ~ Scenario 1 weights  Scenario 2 weights
1 Favor in situ sample preparation 1 4 1
2 Use safer solvents and reagents 5 4 5
3 Target sustainable, reusable, and renewable materials 2 1 4
4 Minimize waste 4 4 5
5 Minimize sample, chemical and material amounts 2 4 4
6 Maximize sample throughput 3 5 2
7 Integrate steps and promote automation 2 5 1
8 Minimize energy consumption 4 3 4
9 Choose the greenest possible post-sample preparation configuration for analysis 2 4 2
10 Ensure safe procedures for the operator 3 2 5

Fig. 2. Comparison of the assessment results on the at-line analysis protocol based on MEPS [14] after applying the (A) default weights, (B) Scenario 1 weights for

a simple, automated system, (C) Scenario 2 weights for safe chemicals/materials.

Fig. 3. Comparison of the assessment results on the SPME method used for screening organic pollutants in water [15] after applying the (A) default weights, (B)
Scenario 1 weights promoting a simple, automated systems, (C) Scenario 2 weights promoting safe chemicals/materials.

Fig. 3 and the evaluation reports can be found in the Supplementary
Fig. S3A-S3C. As seen, the final score of Scenario 1 (promoting simple
and automated systems) was the lowest, reflecting the manual SPME
operations required by this published procedure, but also the fact that
the weak points of the method (criteria 1, 6 and 9) received more atten-
tion. On the other hand, the final score of Scenario 2 (promoting safe
chemicals/materials) was essentially the same as the one obtained when
applying the default weights, owing to the green and “safe” features of
the SPME technology. Overall, the results found here show that the an-
alytical goals must be carefully considered and related to the analytical
characteristic of the method under evaluation, as they may influence
the final score of the AGREEprep assessment. At the same time, if the
method under evaluation already satisfies the analytical goals of the an-
alyst, then changes in weights are not necessary.

4. Assessment examples

Analysts can easily assess their own developed procedures, as they
are familiar with all the parameters and can state input values for all ten
criteria in a straightforward manner. On the contrary, the assessment of
procedures found in the literature can be challenging taken that sev-
eral essential data are not reported (e.g., the volumes of some reagents
or the energetic requirements of the electrical appliances/instruments
used). It is advised to make estimations based on individual laboratory
experience with similar procedures.

To assist with the familiarization of analysts with AGREEprep as-
sessment some more examples are given in the supplementary file (Fig.
$4-S6). Two of the evaluated methods (Fig. S4 and S5) consist of of-
ficial standard methods that are open access to the public [16,17] and
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the evaluation report generated from AGREEprep is included, showing
the values inserted in the AGREEprep software. The rest of the examples
consist of procedures that were included in a recent open access pub-
lication [18]. The pictograms together with the justification for input
data are given in Fig. S6 of the Supplementary Information.

5. Conclusions and future directions

AGREEprep is the first metric focusing on sample preparation that
can quantify the technical aspects of the procedure and identify points
of improvements. This walkthrough tutorial elucidated all aspects of
the greenness assessment and will serve as a comprehensive guide to
new users. AGREEprep is accompanied by a quick to use software that
generates a pictogram visualizing the performance of the method. The
different parts of the pictogram allow the identification of weak and
strong points of the mehod as well as the fast comparison of different
methodologies.

The use of green metrics is undoubtedly critical and the integration
of AGREEprep as a standard laboratory procedure in new and existing
sample preparation methods will not only gauge progress toward green-
ing sample preparation but also allow harmonization of procedures in
terms of their environmental impact. In particular, the systematic com-
parison of newly developed methods with existing or even better, offi-
cial standard methods will provide concrete evidence of the urgent need
to replace traditional and hazardous sample preparation practices with
modern and powerful alternatives that have the additional benefit of be-
ing greener. It is envisaged that the spread of AGREEprep practice will
strengthen the link between academia and the private sector, giving the
latter the arguments to adopt powerful techniques that at the same time,
create a shared value by addressing productivity and societal needs.
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