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Abstract

Chemometric tools are widely used in analytical chemistry for the reduction of data
dimensionality, grouping of variables and processing of analytical signals. They have also the
potential to be applied in analytical procedure development with the aim of minimizing the
procedure’s environmental impact. The design of experiment gives the possibility to obtain much
better information on the system response than in case of “changing one variable at a time”
approach. This results in savings of materials and energy. Desirability functions applied together
with the design of experiment, create a possibility to include in procedure development the
variables that directly refer to the procedure’s greenness. In this way analysis time, consumption
of solvents or reagents and, mobile phase (in the case of liquid chromatography) can be
minimized. Cluster analysis and principal component analysis are successfully applied to find
greener solvent alternatives.
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1. Introduction

Chemometric tools are widely used in analytical chemistry to group objects and variables,
categorize them, predict characteristics, reduce the dimensionality of datasets for their easier
evaluation. They are widely applied at the data treatment stage in the characterization of
environmental media [1], food products (especially for their authentication) [2] or at the stage of
signals processing [3, 4].

Green analytical chemistry is aimed at the reduction of environmental and human health impacts
related to analytical processes [5]. These goals are reached by the application of different
strategies, such as using direct analytical methodologies [6], solventless extraction techniques [7],
microextraction techniques [8], the application of greener mobile phases and their lower volumes
in liquid chromatography [9] among many others. In this context, the application of chemometric
techniques and related numerical tools is rather overlooked in the scientific literature.
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The aim of this paper is to present the chemometrics applications for greener analytical
chemistry. For this purpose design of experiment, multiobjective procedure optimization and
optimal process parameters selections are summarized.

2. Design of Experiment

Experimental design or design of experiment (DoE) is quite widely applied in the optimization of
analytical procedures but it is rarely considered as useful in green analytical chemistry. Screening
designs are useful as they allow to identify the factors that have the biggest influence on the
response of the system. In this way, the material and energy savings are made by simply leaving
the factors that do not influence analytical response without further interest [10]. Then, the
number of experiments to be performed for 3 factors system is 8 when the factorial design is
applied, 17 for application of Box-Behnken design and 20 for central composite design [11].
After the application of factorial design, the response function is investigated to find the values of
variables that are close to optimal.

What is more, the application of DoE makes finding the optimal values more probable than
changing one variable at a time approach. As it can be seen in figure 1 the second approach does
not cover the entire surface of variable range [12]. The same number of measurements results in
obtaining better information on the system for DoE approach or fewer measurement points are
needed to obtain the same information than it is in the case of changing one variable at a time
approach. Changing both variables (or all included ones) seems to be a better approach.

b b
Figure 1. The response surface in case of change one at a time optimization (left) and design of
experiment (right).

DoE is also applied for screening the variables relevant to the optimization of the procedure. It
results in saving of time and materials as variables without impact (or with just small impact) on
response are not considered. A good example can be the Plackett-Burman design that is applied
for screening of variables to find significant ones that influence the performance of procedure for
selenium species determination in water samples. After the reduction of variables by two, the
remaining five are optimized with a central composite design [13]. Another example can be the
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optimization of extraction procedure of phenols with deep eutectic solvents [14]. Only seventeen
runs are needed to optimize sample to solvent ratio, extraction time and extraction temperature.
Similarly, the reduction of initial seven variables to three (extraction solvent volume, agitation
time and buffer volume) can be done for dispersive liquid-liquid microextraction of fluconazole

[15]. Then the aim of optimization is to obtain good recovery with minimized extraction solvent
consumption.

LC chromatographic conditions can be also optimized [16]. Two-level fractional factorial design
is applied to screen for relevant parameters and Box-Behnken design to find optimal values of the
separation process. Different responses are investigated, including resolution between peaks,
tailings of both peaks, run time and number of theoretical plates, analytical eco-scale and HPLC-
environmental impact assessment scores. The responses of the system are investigated with
overlay plots, which seem to be appropriate to treat 2-3 responses together but for more
responses, other multiobjective optimization tools could be more appropriate.

3. Multiobjective optimization

DoE even better fulfils the principles of green analytical chemistry if it is applied together with a
multiobjective optimization method such as Derringer’s desirability function [17]. In this
function, the responses are transformed into individual desirabilities that are expressed in unitless

zero — one scale [18]. Typically in analytical chemistry, the responses of the system should be
minimized or maximized as presented in figure 2.
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Figure 2. The transformation of values into individual desirabilities a) for the response that
should be maximized; b) for the response to be minimized.

After the calculation of individual desirabilities d,, the global desirability D is calculated
according to the equation:

D= (dll‘l ™ d2r2 X X dnrn)lln (1)
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Where ry, 12 (...) 1, are weights that express the relative importance of individual desirabilities. It
should be noted, that if any of the individual desirabilities equal O then the global desirability D
also gives a non-desirable response.

The multiple variables to be optimized are typically chromatographic peak areas, peak
resolutions, precision of responses but also the time of chromatographic separation, which can be
treated as green chemistry — related parameter [19, 20]. Optimization of peaks resolution and
chromatographic separation is a very good example as general improvement of one variable can
result in deterioration of performance of the second one. The resolution is variable to be
maximized, while separation time is the variable to be minimized [21].

Six responses (LC separation time, tailing factors and resolutions) are simultaneously optimized
for the separation of active compounds and their impurities [22]. As tailing factors and
resolutions are directly referring to the quality of separation, proper optimization of separation
time can result in decrease of mobile phase consumption, which is the green analytical chemistry
parameter. Similarly, separation time and the resolutions for sixteen analytes, i.e. tryptophan
derivatives are optimized with DoE and desirability function as well as more suitable
chromatographic column is selected [23]. The optimization of LC separation with desirability
function is also done for non-steroid anti-inflammatory drugs [24]. The responses considered are
peak areas, resolutions, retention time of last eluting compound and environmental impact of
mobile phase (the function of volume and hazards).

Desirability functions can be applied in the development of green extraction procedures [25], by
defining the responses of the system that refer to procedure greenness. It is done for the
extraction of organophosphorus pesticides with magnetic solid-phase extraction [26]. The
optimized parameters are responses for four analytes, equilibration time to be minimized and pH
value, salt content and amount of sorbent to be in pre-defined ranges.

4. Selection process conditions

One of the typical applications of chemometrics is a grouping of variables or objects [27],
typically with cluster analysis or principal component analysis. Finding similar objects (of similar
properties that are grouped) is a good clue in finding alternatives for a given process. Such an
approach can be applied for the selection of greener alternatives.

Sustainable Solvent Selection and Substitution (SUSSOL) tool is based on Kohonen self-
organizing maps clustering of ~500 solvents that is based on their physicochemical properties
[28]. The grouping is presented in figure 3. Three groups are formed according to two
dimensions. The dimension D1 is generally referred to as volatility with low boiling point
solvents to the left, and D2 can be read as the measure of solvents polarity. After finding solvent
substitutes with similar physicochemical properties, safety, health and environment criteria are
considered to select green solvent.
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Figure 3. Grouping of solvents obtained with SUSSOL. The well-separated groups are formed.
Reprinted from [28], licensed under a Creative Commons Attribution (CC BY) license.

Another chemometric approach is based on a grouping of solvents according to physicochemical
properties with cluster analysis [29]. In this study, three clusters are formed — polar solvents,
nonpolar and volatile solvents and the third cluster consists of nonpolar and rather nonvolatile
solvents. Then for each cluster ranking of solvents is performed with multicriteria decision
analysis with several criteria describing solvents toxicity, degradation potentials, safety of
application. Cluster analysis is also used to calculate solvent similarity indexes [*°]. With this
tool, the substitutes for a given solvent or solvent mixture can be found on the basis of the
distance between solvents on the dendrogram obtained by the classification of 261 solvents.

The third similar approach incorporates principal component analysis at the stage of a
chemometric grouping of solvents [31]. The first six principal components (PCs) carry the
explanation power of 87.9 % if the initial variability of the system PCL1 represents the polarity
variability of the solvents, PC2 the ability of the solvent to create a hydrogen bond. After finding
the solvent on the PC1-PC2 plot (as the one explaining the biggest part of initial variability), the
potential substitutes can be easily found as they are close neighbors. It is performed in user-
friendly software.

All three above mentioned examples show that a big enough dataset of physicochemical
properties describing organic solvents treated with unsupervised (the algorithm finds patterns in
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the dataset without pre-defined assumptions) chemometric techniques nicely separate solvents
according to volatility and polarity. As these two variables are typically the main descriptors
during solvent selection for a given purpose, chemometric unsupervised classification can be very
helpful to find greener alternative solvent of similar properties.

5. Conclusions

The application of chemometrics in green procedure development is still limited. The examples
shown in this contribution prove that the greenness of analytical procedure and the optimization
process itself can be improved with the adaptation of chemometric tools. This can be obtained
with a multivariate selection of greener solvents, application of DoE and including greenness
variables in multi-response optimization.
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