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Abstract: Usually, Hansen’s theory and the COSMO continuous solvation models have been used for the selection
of solvents related to a solute, using the HSPiP and COSMO-RS computational tools, respectively. Those tools are not
always available to many researchers; for this reason, Microsoft Excel (ME) has been used for the estimation of good
solvents in the extraction of natural products of high value and interesting for the food, pharmaceutical and cosmetic
industries. This method is applicable to cases where there is little, or practically no information about the compound of
interest, for which functional group contribution methods are used, among them, the Joback method for the estimation of
properties necessary for the determination of solubility models, and Van Krevelen method for the initial estimation of the
Hansen solubility parameters for solubility estimates, the Flory-Hugging model is used, from which and its classification,
according to the North American Pharmacopeia, the good and bad solvents are defined in the selected database for
the final estimation of Hansen’s parameters and the solubility region. The methodology was validated with ten study
cases reported in the literature. The results of this study showed that other green solvents, not reported in the literature
consulted, are suggested as good solvents for polyphenols, such as diacetone alcohol, diethylene glycol monobutyl ether
and tetrahydrofurfuryl alcohol. In the consulted literature there are no references on the use of a structured methodology
in Microsoft Excel (ME) for the estimation of good solvents for the extraction of natural products from the estimation
of solubility with existing models. All the consulted papers refer the use of various professional computer programs for
this purpose, specifically HSPiP, and COSMO-RS, which are not accessible to all researchers. With these estimates and
an initial classification based on pharmacopoeia criteria, a first classification of good and bad solvents is made, which is
refined by means of optimization methods in ME.
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1. Introduction

The extraction of natural products for pharmaceutical purposes or for their use in cosmetics using solvents requires
arduous experimental work, where sometimes the selection of the appropriate solvent leads to a trial and error process,
particularly when no previous references are available. The final destination of natural active pharmacological ingredients
(API) currently imposes limits on possible solvents, beyond their technical and economic feasibility, due to growing
environmental restrictions and current trends to use products of organic origin, not only because their nature, but also
considering the character of the process used. For this reason, many works focus on the use of so-called green solvents
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for the extraction of API from plant sources ' . The first two articles presented reviews on the subject, which focus on
biomass-derived solvents, particularly terpenes, and biodiesel as substitutes of volatile organic solvents'. The work of
Chemat, F. et al.? delves into the characteristics of these solvents and the extraction methods in which they have been
used, as well as other solvents substitutes of green solvents, such as ionic liquids, deep eutectic liquids and natural deep
eutectic liquids, which are characterized by their non-flammability, thermal stability and low vapor pressure. Ramdas R.
et al.? focused on the techniques that use those solvents to extract active ingredients from plant sources and agricultural
production residues to increase their benefit. However, once the green solvent database has been defined, it is necessary to
face the challenge of selecting those are recommendable from the technical and economic point of view. Various strategies
and methods have been reported in the literature for the selection of optimal solvents for a given process, for which the
estimation of the thermodynamic properties that allow predicting the solubility of a drug is of great importance®. The
solubility of the API is a function of the fusion enthalpy (AH;), the melting temperature (7,), the difference in caloric
capacity (AC,); usually neglected, the temperature of the medium (7) and the activity coefficient between the solid and the
solvent used (y); being this parameter the one whose estimation is more complex (Equation (1)).

Various methods for activity coefficient estimating are reported in the literature, including Wilson, Functional-group
Activity Coefficients (UNIFAC), Universal Quasichemical Activity Coefficients (UNIQUAC), NonRandom TwoLiquid
(NRTL), and various modifications of those, which have been widely used to estimate or model the solubility of drugs in
organic solvents*>.
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Usually, these parameters are obtained through regression adjustments of experimental data, although they can also
be estimated through theoretical methods based on functional groups contribution®.

Jouyban. A. et al.” presented a review on solubility estimation methods for drugs, which summarizes various models
to describe the solubility of API in aqueous media, and includes reports in periodicals, patents and software developments;
in this last field. Zhuyifan Ye and Defang Ouyang® have developed a computational learning model (machine learning
algorithm) that predicts the solubility of compounds in organic solvents, for which they used a database of more than
5000 solubility values at various temperatures, 266 compounds and 166 solvents. Although the Activity Coefficient is the
parameter that represents the greatest challenge in the process of estimating the solubility of an API, knowledge of the
fusion temperature and fusion enthalpies is essential, which can be determined experimentally by means of a Differential
Scanning Calorimetric test (DSC). However, sometimes experimental data of these variables are not available, in which
case the estimation methods constitute a practical tool for a first screening of feasible solvents. Farhad Gharagheizi, F
and Salehi, G.R.” have developed a procedure based on neural networks implemented in the software Mat lab for the
estimation of the fusion enthalpy, although perhaps, the most widespread method for this purpose, is the Joback and Reid
method '° based on the contribution of functional groups.

Several authors have formulated strategies for the identification and selection of solvents related to organic compounds
of interest pharmacological, nutritional or for use as cosmetics !'!3. Most of the proposed strategies are based on two
fundamental theories: the COSMO continuous solvation model and its extension beyond the dielectric approximation
COSMO-RS (Conductor-like Screening Model for Real Solvents) developed by Klamt, A. et al.'* and the Hansen’s
solubility theory'>. Both studies have become computational tools: HSPiP and COSMOS-RS respectively, widely
extended in the research, development and innovation of new products obtained from natural sources and wastes.

Laboukhi-Khorsi, S et al. ' use Hansen’s methodology with HSPiP software to select suitable green solvents substitutes
of n-hexane for the extraction of Artemisinin, an antimalarial drug from the plant Artemesia annua L. This methodology was
ratified by Sanchez-Camargo, A.P et al.'*, who formulated a first screening stage with the use of the HSPiP software, which
are compared with the estimates obtained using COSMO-RS and conclude that both tools provide good estimates, although
COSMO-RS can be superior to HSPiP whenever accurate solubility calculations is required. They remark that both HSPiP
and COSMO-RS, require further experimentation in order to validate the predicted solubility. In the case of Hansen’s theory,
the solute/solvent affinity is established by the spatial proximity between both compounds in a three-dimensional space,
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defined by expression (2); however, the definition of a good or bad solvent is established by determining a hypothetical
region, called the Hansen sphere, whose radius (Rg) should be determined experimentally. For this reason, although the
value of R,, is an important indicator of affinity, is not conclusive if information on the solubility region is not available.

12
R, = [4*(501 —8p2)*+ (8p1— 8p2)> + (S _5H2)2} @
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Another study developed a prediction method for solids solubility’s using excess Gibbs energy models (GE models)
together with analysis of data, model parameter estimation, and calculations of solids solubility '°. From this work
a computer-aided model-based framework for solids solubility’s calculations and solvent selection and design, called
SolventPro was developed.

Unfortunately, these computing tools, necessary and useful for the execution of first estimation for API extraction, are
not always available. Therefore, the objective of this work is to develop an estimation methodology, based on Hansen’s
solubility theory, functional group contribution methods for the estimation of key properties and their implementation
in Microsoft Excel, as a first estimate of good solvents in extractive processes. For its validation, various case studies
reported in the literature have been evaluated.

2. Methodology used

The procedure for the estimation of possible solvents to be used in an extractive process is illustrated in Figure 1. In
some occasions, it is desired to extract a product whose chemical structure is not completely known or simply our target is
a mixed product, where it is recommended to obtain samples and apply Hansen’s experimental methodology to determine
the Hansen solubility parameters (HSP) and the solubility region, known as the Hansen sphere with radius Ry. Of course,
if the structures of the components that make up the mixture and their composition are known, it is possible to obtain
estimates of the HSP of the mixture compound. Once the HSP and R, have been determined, the problem reduce to select
possible solvents in the database, verifying their solubility experimentally, and evaluating their technical and economic
viability.

However, if the chemical structure of the substance is known, but not all the information is available on the properties
that allow estimating its solubility, it is possible to resort to functional groups contribution methods to estimate them. In
the present work, the Joback and Reid method ' is used to estimate properties such as molecular mass (MW), melting
temperature (7,,) and fusion enthalpy (AHj,,), among others, implemented in Microsoft Excel by https://chesheets.com/
joback method.html. Solid solubility is directly related with the Fusion heat and activity coefficient as it is showed in
Equation (4). The activity coefficient is related with the Flory-Hugging parameter (Equation (5)) and that value with HSP,
as it is showed in Equations (6) and (7).

Once the properties have been determined, a first estimate of the HSP is obtained using the Van Krevelen method '”,
which has been implemented in Excel by the authors. HSP estimates allow obtaining a preliminary value of the solubility
of the compound of interest in a group of solvents through the Flory-Hugging model '®!° represented by Equations (4)—(6).
For the estimation of the Hansen solubility sphere, 40 green solvents recommended by the HSPiP software have been
selected.

This model is more appropriate to describe the behavior of polymers and macromolecules, so it has also been used to
describe the behavior of solids with high molar volume?’; which is common in many natural extracts, such as the starch
obtained from various plants>'. In addition, its application is simple, since it allows estimating the activity coefficient for
the various solute/solvent pairs and predicting the API solubility.
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where @, ®, are the volumetric concentrations of the solute and solvent respectively, v; is the molar volume of the solute,
and x| is the solute/solvent interaction coefficient.
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Figure 1. General methodology for good solvents selection for natural products extraction

Equation (6) has a lower fit for compounds with hydrogen bonds and high polarity, and Equation (7) is recommended

15

to estimate the Flory-Hugging parameter, where Hansen > recommends the use of alpha equal to 1.

2 (80— 84)> 4025 (31— 8,2+ (11— 80)°)) )

It is highly probable that the activity coefficient estimated by this model does not provide a good fit in many of the
solvents chosen to determine the Hansen solubility sphere, but the purpose of the described procedure is not to obtain a
reliable solubility model, but only to classify each solvent as good or bad by this estimate.

The definition of a good or bad solvent is established from the estimate of the solubility of the compound of interest
in each solvent, according to the classification established by the United States Pharmacopoeia (Table 1)%2. Once the
solvents have been classified, the HSP of the solute are calculated in Microsoft Excel, as if they were experimental data,
according to the procedure described by Diaz and Hernandez?® with the equations used.

As trial solubility, 1 x 10~* was used for all solvents, which is practically the limit between soluble and insoluble, so

X2=0Q

that the final estimated value can be defined on one side or the other of that limit.
A description of the general procedure for each compound is provided in the Microsoft Excel file provided as
supplementary information, where Coumarin has been selected as example. The “Data and Instruction” sheet reports the

Universal Journal of Green Chemistry 324 | Manuel Diaz de los Rios, ef al.



fundamental properties of the compound used in the prediction and a sequence on how to proceed in the workbook. The
“Calculation” and “Van Krevelen” sheets allow obtaining an estimate of the fusion enthalpy and an initial estimate of the
Hansen solubility parameters from the information of the functional groups of the component respectively. Subsequently,
if information on the solubility of the compound in various solvents is available, the “Solubility Literature” sheet is used to
discern between the use of Equations (6) or (7) and where an estimate of o = 1 is assumed for Equation (7) in all solvents;
v is determined for each compound according to Equation (5) and the solubilities are estimated by expression (4). Finally,
the model that shows the lowest value of the sum of squares of the residuals (SCR) for the group of solvents evaluated is
selected.

Table 1. Classification of drug solubility (practically insoluble considered as bad solvents, other class as good solvents)

Class Part of solvent required for dissolving 1 part of solute
Very soluble <1
Freely soluble 1-10
Soluble 10-30
Sparingly soluble 30-100
Slightly soluble 100-1000
Very slightly soluble 1000-10,000
Practically insoluble >10,000

The selected model is evaluated in the sheet whose name describes the compound to be evaluated in the database of
solvents used, and the good and bad solvents are defined.

Once the good and bad solvents in the database reported by HSPiP have been estimated, the HSP values are optimized
in the “HSP Sphere” sheet, according to the procedure previously reported .

3. Results methodology validation

The methods for estimating the chemical properties of various compounds, as well as the estimation of operational
conditions, are of great importance for the design of technologies. In the case of extraction of natural products with high
added value for the pharmaceutical, food and cosmetic industries, the appropriate selection of solvents is crucial, where the
solute-solvent affinity will determine the solubility of the solute in it, which, together with economic, environmental and
health considerations will guarantee the sustainability of the technology.

The proposed validation procedure consists on determining if the solvents reported as good for the extraction of a
given API in the literature are included in the Hansen solubility sphere determined by the suggested estimation procedure.

To validate this procedure, 10 examples of literature on natural products extracted from various sources were used,
whose basic information is summarized in Tables 2a and 2b. Table 3 summarizes the experimental fusion enthalpy values
determined and those estimated by Joback and Reid, used in the study, as well as the absolute error of the estimation respect
to the experimental value.

Absolute error is determined by the following expression:

ABS(AHfus exp — AHfus est)

Abs error = 100 x
AHfus exp

It can be seen that the AHj;,; estimates are acceptable for the first six compounds in the table and ferulic acid. However,
in the case of rosmarinic acid, contradictory values are reported in the literature, since Aydi, A. et al.>> report a value of
16.39 kJ/mol, while Santos Veras, K et al.?° report 142.29 J/g (51.27 kJ/mol). Considering the value estimated by Joback
and that estimated by the method of Yamamoto, H.?’ of 59.5 kJ/mol are similar to the value reported by Santos Veras, K et
al, this is adopted as a valid experimental value. A similar situation occurs with the experimental values reported for ferulic

acid, where Faiyaz Shakeel et al.** obtained a value of 15.01 kJ/mol, while Mota Fatima, L et al.*° reported a value of

Volume 2 Issue 2|2024| 325 Universal Journal of Green Chemistry



33.34 kJ/mol, very similar to that calculated by the Joback and Reid method. The precision in the estimation of the fusion
enthalpy is vital for the adjustment of the solubility models and, therefore, in the estimation of the good solvents.

Table 2a. Basic information of API compounds used for procedure validation (left)

Name Formulae = MW (g/mol) Structure

artemisinin '-2* C15H2,0s 282.34
OH
HO'
vanillic acid * CgHgOy 168.14 OCH;
OH
0 Oy, OH : OH
f\/\/b\ 0 X
HO™
rosmarinic acid 2%-26:28:33 C3H60g 360.31 OH
B-carotene 23! C40Hsg 536.89
betulinic acid >>3¢ C39Hs303 456.71 HsC CHy
(o] Le]
coumarin 3 CoHg0, 146.14 ~x
OH O
HO o0 O
CHs 00 o O OH
OH
OH OH OCHs
hesperidin 373 CysH34015 610.57 OH o
OoH o (0]
0.
OH
OH OH OH
rutin 4041 Cy7H30016 610.52
sclareol 4243 CaH360, 308.5
ferulic acid *+~4 C1oH1904 194.18
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Table 2b. Basic information of API compounds used for procedure validation (right)

Source Uses
Artemesia annua L Antimalarial
Vanilla bean Anticancer, antidiabetic, antibacterial, anti-inflammatory and antioxidant effects
Rosmarinus officinalis, Origanum vulgare antioxidant and antiflammantory
rich algae as dunaliella salina precursor to vitamin A
white-barked birch trees anticancer, antiretroviral, antimalarial and anti-inflammatory
tonka beans, cinnamon Treatment of prostate cancer, renal cell carcinoma and leukemia
citrus fruits for hemorrhoids, varicose vein and venous stasis
Passion flower, bugkwheat, tea and apple strengthen blood vessels, improve blood circulation, lower cholesterol
Salvia sclarea cytostatic effects against human leukemic
Is found in commelinid plants (rice, wheat, oats, and

: anti-inflammatory, antioxidant, antimicrobial activity, anticancer, and antidiabetic effect
pineapple)

Table 3. Melting temperature, experimental and estimated values of AH s by Joback and Reid method

Compound Tr(K) AHgp, exp. (kJ-mol ) Ret AHp est (kJ-mol™')  Abs. error

artemisinin 429.60 24.30% 26.72 9.96
vanillic acid 484.90 32.80%2 27.24 16.96
rosmarinic acid ~ 444.52 51.27% 56.45 10.11
B-carotene 456.00 56.003! 49.80 11.07
betulinic acid ~ 588.45 422336 43.26 2.44
coumarin 344.40 16.043 16.39 2.18
hesperidin 535.00 63.86% 102.40 60.35
rutin 450.15 82.3040 100.96 22.67
sclareol 376.45 28.704 19.23 33.00
ferulic acid 444.60 33.3440 30.54 8.40

In the case of the flavonoids hesperidin and rutin, the estimates for AHp,, are higher than those determined
experimentally, as in the case of sclareol. In this work were used, only compounds in which experimental data of
AHp,; were reported, with the purpose of comparing the results obtained, but if this information is not available, the
procedure must be applied with the value of the estimated properties.

In the case of rosmarinic acid, the determination of HSP by various estimation methods is also contradictory, as
reported by Cher Haan Lau and Lee Suan Chua”®, who finally adopted the estimates by Hoy’s method, due to its similarity
with results obtained with the COSMO software. It is then evident that, although the procedure developed by Van Krevelen
has been used in this work, other estimation methods for HSP can be implemented, if desired.

Tables 4 and 5 provide the results of the prediction of good solvents for the compounds evaluated with the use of
experimental and estimated values of AH,,. Table 4 reports the results of the estimation of good solvents for various
compounds, which match with those reported as good in literature, according to the methodology described above and
considering the use of experimental values of enthalpy of fusion. It reports the Hansen solubility parameters determined by
the Yamamoto molecular rupture method, H. (Y-MB)?’, the Van Krevelen functional group contribution method'”, those
reported experimentally by the literature and the determined using Microsoft Excel>* with their R, and fit for the data used
in the “fit” column.
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The Tables 4 and 5 also report the average absolute percentage errors (MAE) between the estimates reported by Y-MB,
Van Krevelen, and Excel with those reported by the literature according to Equation (8).

MAE = (i <100-M5(‘?_5"9>)> /N (8)

i=1
where “i[” are the subscripts of the N Hansen parameters reported in the literature, and “ie” are the subscripts of the
estimated parameters.

In Table 4, the average errors of the three parameters are less than 30% for the determinations with Microsoft Excel,
with the exception of the cases of rosmarinic acid, B-carotene. betulinic acid and ferulic acid, which are also high for the
estimates of rosmarinic acid, betulinic acid, coumarin, sclareol and ferulic acid with the Y-MB method, which calls into
question the validity of the HSPs reported in the literature for some of these compounds. This result is similar to that
obtained in the estimation of Tables 5, where rosmarinic acid and -carotene also showed a poor adjustment of HSP.

Table 4 shows that, except for rosmarinic acid, more than 80% of the solvents reported as good solvents by the
literature are confirmed by the methodology developed when experimental values of fusion enthalpy are used, therefore,
they fall within the estimated Hansen sphere. Something similar occurs when estimates of AHp,, are used (Tables 5) except
in the cases of rosmarinic acid, hesperidin and rutin; specially in the case of hesperidin where the great difference in
AHj;, experimental and estimated (66%) did the Excell estimation fail. In the case of Rosmarinic acid various factors
affect, where the low number of good solvents used as a reference and the difference between the estimated HSP and those
reported in the literature (MAE) leads to low estimates.

Unfortunately, only three articles presented reliable experimental information on Hansen’s sphere: artemisinin'!,
hesperidin and rutin’’; another compound that provides information about the Hansen solubility region is betulinic acid,
but the authors use only five good solvents to estimate the Hansen sphere’, so it is not reliable.

In Figure 2—4 are represented the Hansen spheres experimental and estimated in this work respectively with the
good solvents used in the validation procedure for these compounds. In Case of artemisinin, methanol was considered
bad solvent in the work developed by Laboukhi-Khorsi, S et al.'!, but the solubility of artemisinin in pure methanol was
calculated by Nti-Gyabaah, J. et al.’*, therefore it was included in our Hansen sphere estimation and fell inside the green
sphere and outside the blue one.

The sphere radius for hesperidin and rutin were calculated with HSPiP and the supplementary information provided
by the authors in Tables S1 and S237, respectively, by the classical Hansen method and keeping the HSPs fitted by the
authors®’.

HSP Excel
Laboukhi-Khaorsi

Acetonitrile

_~ Acetonitrile

— DMS0

Acetone
Dichloromethane.._

Ethyl acetate — 4y | H‘r
i

Methanol

5l

ﬁ&; "~ Propylene glycal
! T

B
MTBE — &L

|’ —

™~ Ethanol

Isopropyl acetate
Toluene propy

Hexane

Figure 2. Hansen sphere for artemisinin reported in literature (light blue wireframe sphere) and determined (green wireframe sphere)
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Figure 4. Hansen sphere for rutin reported in literature (light blue wireframe sphere) and determined (green wireframe sphere)

Ethylene glycol falls outside the Hansen sphere for hesperidine in both studies; with Excel and the published paper,
although it was evaluated as good solvent by Milescu, R.A et al.?”, while in the case of rutin, ethylene glycol falls outside
the Hansen sphere only in this study.

For artemisinin and rutin there are not important differences between the HSP estimated in this work and the values
reported in literature; Hansen regions are similar, as can be seen in Figures 2 and 4.

It is not possible to formulate a general criterion on when the estimation of the solubility for the compound of interest
better adjusts to Equations (6) or (7). Several factors intervene in this fit, such as the veracity of fusion enthalpy and of the
HSP or their total value oz, but it is noteworthy that the three examples, which the Hildebrand model fits better, correspond
to more complex chemical structures. It would be necessary to evaluate a greater number of compounds to arrive at more
precise conclusions. The complexity that the evaluation of the activity coefficient for each of the solute/solvent interactions
in the table used to determine the HSP and the Hansen sphere limits the possibility of using other models, usually reported
in the literature.

Table 6 presents other “green” solvents not reported in literature, that could be used for the extraction of each of the
compounds evaluated, according to the HSP and RED estimates obtained by the methodology employed. Of course, the

Volume 2 Issue 2|2024| 331 Universal Journal of Green Chemistry



solubility of each compound in the suggested solvent and the yield to be obtained must be confirmed experimentally, as
well as evaluating their economic feasibility. Green or bio-based solvents are included in two main groups: agro-based
raw materials (ABRM), such as lignocellulose, oils, sugars, starches and proteins, and Bio-based solvents (BBS), such as
alcohols, esters, ethers and terpenes. The HSP of solvents included in Table 6 and its green relationship is described in
Table 7.

Table 6. Green solvents suggested from the applied methodology

Compound Green solvents (RED)
artemisinin diacetone alcohol (0.14), diethylene glycol monobutyl Ether (0.20)
vanillic acid ethyl lactate (0.16), tetrahydrofurfuryl alcohol (0.19), diacetone alcohol (0.19)
rosmarinic acid 1-propanol (0.29), dipropylene glycol (0.36)
B-carotene anisole (0.78)
betulinic acid tetrahydrofurfuryl alcohol (0.38), cyrene (0.46)
coumarin diacetone alcohol (0.16), diethylene glycol monobutyl ether (0.20)
hesperidin cyrene (0.67), dipropylene Glycol (0.69)
rutin cyrene (0.67), dipropylene Glycol (0.68)
sclareol tetrahydrofurfuryl alcohol (0.15), cyclohexanol (0.24)

ferulic acid diacetone alcohol (0.16), acetone (0.20), diethylene glycol monobutyl ether (0.22)

It is observed that some solvents reported in Table 6 are common for the extraction of several of the polyphenolic
compounds studied, such as diacetone alcohol, diethylene glycol monobutyl ether and tetrahydrofurfuryl alcohol.

Table 7. HSP of solvents related in Table 6

Compound op op on Classification

1-propanol 16 6.8 17.4 BBS

acetone 155 104 7 ABRM
anisole 17.8 4.4 6.9 BBS
cyclohexanol 174 4.1 17.5 BBS

cyrene 13.8 124 7.1 ABRM
diacetone alcohol 15.8 8.2 10.8 BBS
diethylene glycol monobutyl Ether 16 7 10.6 BBS
dipropylene glycol 16.5 106 17.7 BBS
ethyl lactate 16 7.6 12.5 BBS

tetrahydrofurfuryl alcohol 17.8 8.2 12.9 ABRM

4. Conclusions

The present work demonstrates that, even when adequate computational tools, such as HSPiP and COSMO-RS are
not available, it is possible to estimate the HSP of a solute of interest and its solubility region by using functional group
contribution methods, with the help of Microsoft Excel, easily implementable in this platform, with an adequate level of
precision.

Other green solvents not reported in the literature, are suggested as good solvents to evaluate for each study case, based
on the results obtained by applying Hansen’s methodology in ME, such as diacetone alcohol, diethylene glycol monobutyl
ether anisole and tetrahydrofurfuryl alcohol. Once the estimation stage is completed, it is necessary to corroborate the
results with experimental actions.
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