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Abstract

This work describes a simplified method developed for calculating the Hansen parameters (HSPs) for scCO,-polar modifier solvent
mixtures. The method consists in fitting 2" order equations on the calculated values of HSPs of pure components in function of
pressure and temperature. It has been proved that these equations are suitable for the characterization of the above system.
The current work also proposes a modified representation method, which eliminates the shortcomings of the original ternary Teas
diagram, normally used for the representation of the Hansen parameters. On the one hand, the Teas diagram uses quantities without
any physical meaning and, on the other hand, the illustration of the solubility information is distorted because it does not take into
account the differences of the Hildebrand parameters of different solvents. The factors we have chosen to represent on the ternary
diagram possess physical meaning (cohesion energy density partitions). The distortion was eliminated by extending the Teas diagram
to a prismatic three dimensional representation. We proved that the Hansen-ellipsoid from the Cartesian coordinate system (d, = /'
(9, d)) is transformed in an ellipsoid also in the new coordinate system (the transformation is pseudo-isomorphic). Nonetheless, the
suggested corrections improve the accuracy of the Hansen method, in some cases the interactions between the solvents and the
dissolved materials are still not predicted with sufficient accuracy. Most probably a thermodynamic-based correction of the values of
the HSPs of small molecules could lead to a significant improvement of the predictive ability of the newly developed method.
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1 Introduction

The application of supercritical fluid state (SCF) sol-
vents is widening as there is an increasing demand for
green chemical technologies and analytical procedures
(extraction, solid particle formulation, chromatography).
Compared to conventional solvents, in the supercritical
state the transport properties improve (by increasing the
diffusion coefficient and the decreasing viscosity) by an
order of magnitude.

The most commonly used supercritical fluid solvent is
the carbon dioxide (scCO,), which is used on large indus-
trial scale for the extraction of bioactive plant ingredients.
In addition to its environmental-friendly properties, the
biggest advantage of the supercritical fluid carbon dioxide

is the tunability of the solvent. The variation of solubility
with the operating parameters (pressure and temperature)
enables the shifting of the selectivity of the extraction pro-
cess. This is directly correlated with density, or indirectly
with other density-dependent physical properties (e.g. rela-
tive permittivity). The scCO, is a non-polar solvent, there-
fore it is less suitable for dissolving polar compounds;
for this purpose the addition of polar modifier is needed.
Despite it is nonpolar, it is polarizable, and possesses hydro-
gen bond forming ability as acceptor. Its interaction with
other compounds is complex, not only the dispersion forces
are important. For this reason, the Hildebrand description
of its interactions is not sufficient and Hansen solubility
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parameters are needed to deal with its interactions beyond
those due to the dispersion forces [1].

In the case of solvent mixtures, the polar modifier con-
centration is a new parameter to adjust the desired solu-
bility. The use of supercritical solvents allows the gentle
removal of bioactive components in plant materials [2].

It is important to know the critical properties of the
solvent mixtures because one can count on the intensive
material transfer (low viscosity, high diffusion factor only
close to the critical point). In the same time the co-solvent
should easily be removable after the extract is dissolved.
Therefore, the amount of polar modifier that can be used
in practice is about 2-20 mol %. In the case of supercrit-
ical extraction, the co-solvent is almost exclusively etha-
nol, while in chromatography it may be much more varied.

To quantify the solubility, the square root of the vol-
ume cohesion energy is used, also called the Hildebrand
parameter (d). However, in many cases it does not ade-
quately characterize the solubility. Hansen parameters
© dispersion’ 5polar’ Onsong) Characterize better the physical
interactions between solutes and solvents. These param-
eters are density-dependent, i.e. in case of change of pres-
sure and temperature, especially in the near-supercritical
domain the changes are more accentuate.

When the points of the solute and the solvent are suf-
ficiently close in Hansen space, the fluid solvates the
compound.

The aim of the work is to show new possibilities for
increasing the prediction efficiency of the Hansen parame-
ters (HSPs) in different supercritical processes. We devel-
oped a relatively simple short-cut method for the calcu-
lus of solvent mixtures in supercritical state, and invented
also, a new family of 3D representation method, which
will be able to enhance the understanding of the process
parameters on solubility variation during these processes.

2 Theoretical background

The efficiency of solid-fluid extraction of the solubility
theory has been proven for plant compound extraction,
using water, ethanol or mixtures of them [3]. The solu-
bility of the solvent is characterized by the Hildebrand
parameter. This formalism of solubility has been extended
for supercritical fluids [4]. This extension is important
because the supercritical fluids are tunable solvents: by
changing their parameters (pressure, temperature), many
other properties (density, viscosity, diffusion coefficient)
will change, and also their solubility changes, important
from the point of view of the extraction. To describe these
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changes one can use the Giddings equation, which extends
the Hildelbrand relation to supercritical state [5, 6]. The
total cohesion energy is composed of three types of ener-
gies coming from three interactions:

E=E,+E +E, )]

where : E, Ep and £, are the dispersion, polar interaction,
and the hydrogen bond energy, respectively.

Dividing the Eq. (1) with the molar volume (V), one
finds the square of correspondig solubility parameters
(Eq. (2)), resulting the HSPs, J,, 6, and 9, (Eq. (3)), and
the Hildebrand parameter, 9.

8 =EIV,, Q)

5°=6,+6,+6,. A3)

It has been shown that for supercritical fluid extraction
processes the solvent density is an important factor
[4, 7, 8]. The HSPs of scCO, (and of solvents in general)
can be evaluated only by knowing the density (or molar
volumes) [9]. A practical method for the determination of
experimental values of the solubility parameters for mac-
romolecules [10, 11], and even for small molecules [12] is
the inverse gas chromatography (IGC). The results in some
cases are different from theoretical values [12], therefore it
is important to improve the calculation methods.

Although the carbon dioxide is a very good solvent
having multiple advantages, it has a limited range when
one arrives to dissolve polar components. This limita-
tion comes from the fact that the values of the polar and
hydrogen-bond components of HSPs of the scCO, are rela-
tively low. To extend the solubility of scCO, for polar sub-
stances, polar co-solvents have been added. In most cases
this co-solvent is the ethanol, because it is considered
GRAS (Generaly Regarded As Safe).

The amount of ethanol that can be added is limited by
two factors. On the one hand there is a shift of the critical
point to higher temperatures for increasing ethanol con-
centration [13]. On the other hand, once a larger amount
of ethanol is used, it cannot be separated from the prod-
uct just by lowering the pressure. By this an important
feature of the supercritical extraction may be lost. In our
study we investigated the range of 0-0.2 mole fraction of
polar modifier.

The calculation of the Hansen parameter values for
scCO,-ethanol mixtures has been made previously [14, 15]
and was used in practice recently [16]. It is clear, that not
all aspects are explained only by solubility, for example
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the solute Antoine constants have an important effect in
extraction processes [16]. It is important to mention, that
the exact solubility values for different substances may
not be predicted by the Hansen method, only a fuzzy-
like (as good solvent or not) prediction is possible. At the
moment the exact solubility values can be predicted only
by Chrastil-like semi-empirical models [17].

The Hansen plot is the graphical representation of the
function J, =f(6H,5p). For a liquid solvent, this is a
point. A supercritical solvent representation in the Hansen
space is not a point, but a surface (in function of pressure
and temperature); in case of supercritical solvent mixtures
this degenerates in a spatial zone ("cloud"). The Teas chart
has been introduced as an alternative to the spatial Hansen-
plot. Here the individual Hansen parameters are normalized
by the sum of the three parameters [18], resulting in quan-
tities that may be considered fractional solubility param-
eters, without real physical meaning. The representation
is in a planar, ternary coordinate system. The main issue
with this chart is its intrinsic distortion of distances, given
by the false assumption that the value of the Hildebrand
parameter () is the same for all substances [19]. The partial
cohesion energy densities concept has been introduced [20]
to remove this major inconvenient, but for some unknown
reason it has not become widespread [21]. The Teas partial
HSPs are given by Eq. (4), the partial cohesion energy den-
sities (PCED) by Eq. (5). The difference between the two
set of factors might seem small, but enough to eliminate
this major drawback of the Teas chart (distorsion)

.
gi = 3’ > (4)
20
52
Ji= 3—82 )

i=1 !

3 Calculation methods
The values of the HSPs in supercritical state were obtained
[22] by Egs. (6)-(8)

1.25
5,25, =] 6)
,re) V
0.5
5 =5 | Lo : ™)
P poref vV
V 0.5
3, :(3,1!,,ef~exp[1.32~103 (TM.—T)+ln(’7efJ } ®)

The reference values for HSPs (d,~e/) temperatures (7, ‘ef)
and molar volumes (7,) were obtained from Professor
Hansen's reference work [23]. The densities of scCO, and
ethanol, however, were not calculated from the equation
of state (EoS) as previously [22, 23], but measured values
were used [24, 25]. The adopted method for HSPs calcu-
lation for solvents in sub- and supercritical state is widely
accepted, and is considered to give exact values even for
the Hildebrand parameters [9]. All the calculi and graphic
representations have been done in Statistica 8.0 software
environment (Statsoft, Inc.). On the calculated data points
a quadratic two-variables (pressure and temperature)
polynomial equations were fitted (Eq. (9)), both for etha-
nol and carbon dioxide:

— 2 2
6,,=a,+b,, T+c,, p+d, T +e,, pT+ [, p )

where: a, f are the fitting coefficients; the index i denotes
the components (ethanol or CO,), the index j denotes the
type of the solubility parameter (indices d, p or H for
Hansen, missing index for Hildebrand parameter).

The Hansen parameters for mixtures were calculated
from the Hansen parameters of the individual compo-
nents. For HSPs of solvent mixtures the volumetric frac-
tion-weighted average of the components HSPs are used

(Eq. (10)
8 = i@iaﬁ. (10)

Where: @, is the volumetric fraction of component i. This is
the equation of HSPs for solvent mixtures, where 7 is the
number of components of the mixture, and ; is the index
denoting the different solubility parameters as follows:
j =d, p, H - dispersion, polar and hydrogen bond partial
HSP; missing - Hildebrand parameter.

4 Results

4. 1 The fitting of the HSPs polynomials

The results of the fit for Hildebrand parameter for CO,
and ethanol are shown on Fig. 1. In the coordinate system
(7, p, 0) we get a smooth surface.

The values of the fitted parameters of Eq. (4) for etha-
nol and carbon-dioxide (for both, Hildebrand and Hansen
parameters) are shown in Table 1.

As generally the Hansen parameters are given with
one-decimal precision [1, 3], therefore the temperature
square coefficients should be given up to the fifth digit to
compensate the relative high value of the temperature
range. To maintain the unitary feature of the description all
the coefficients (in the Table 1) are rounded to the fifth digit.
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Fig. 1 The Hildebrand parameter (5) of CO, and ethanol
Table 1 The coefficients for the Hildebrand and Hansen solubility parameters
Compound Parameter Fitied coefficients
a b c d e f
3,(MPa®%)  52.67287 -0.19614  0.01697  0.00015 0.00081  -0.00236
S 8, (MPa®?)  13.00137 -0.03278  -0.01261 ~ 0.00002  0.00023  -0.00057
© 3, (MPa®)  14.51502 -0.04283 -0.00151  0.00003  0.00017  -0.00049
& (MPa’)  55.04864 -0.19630  0.01691  0.00015 0.00080  -0.00232
3,(MPa”)  21.01304 -0.01209 -0.01394 -0.00002 0.00012  -0.00011
g 3, (MPa’?) 9.82342  -0.00176  -0.00442 0 0.00003 -0.00003
E 3, (MPa®)  31.68301 -0.04572 -0.00403  0.00002 0.00005  -0.00006
8 (MPa’)  39.10087 -0.04224 -0.01368 0 0.00012  -0.00011
- ~

The Hansen plot of the HSPs for CO,-ethanol mixture
(@,,...,<0.2) is represented in function of intrinsic process
parameters (pressure and temperature) on Fig. 2. In the
usual supercritical fluid extraction domain (p = 8-60 MPa,
T = 275-350 K) the Hansen-diagram of CO,-ethanol mix-
ture is represented on Fig. 2. As it was expected, by
increasing the ethanol fraction in the mixture, both the
polar (6p) and hydrogen-bond (d,) component of the mix-
tures Hansen parameters increase. In this domain, the
hydrogen bond component increases about twice as much
as the polar component for all pressure-temperature pairs.

4. 2 The representation of the HSPs in ternary 2D and
3D modified Teas chart

In this type of representation the relative contribution of
the different forces (van der Waals, polar, hydrogen bond)
to the total cohesion interaction can be shown simultane-
ously. The first attempt was the Teas plot, but results in a
distorted image, by losing important information, the value

© @ethanol =00 §
O @ thana = 0.1 <><><§>
© @ethanol =02 <><><§ é;

Fig. 2 The Hansen plot for CO,+ethanol mixtures

of the Hildebrand parameter. Using the concept of the par-
tial cohesive energy density, the distortion is remediated.
For scCO, the isothermal and the isobaric two-dimensional
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diagrams are shown on Fig. 3, illustrating mainly the varia-
tion domains of the factors. At higher temperature the vari-
ation domain of isotherms is wider (Fig. 3(a)), for isobars
the same happens at low pressures (Fig. 3(b)). By taking
into account an additional spatial axis, much more infor-
mation can be shown (Fig. 4). For isotherms (Fig. 4(a)) the
curvature shows that at higher temperatures the variation
of the factors are steeper, but at high pressures the iso-
therms converge. The isobars are more curved at low pres-
sures (Fig. 4(b)), although at low temperatures and high
pressures the isobars converge. To be more expressive, the
original ternary diagram could be extended adding various
vertical axes (e.g. p, T or even d), to obtain a set of various

3D representations (Fig. 5). On Fig. 5, the increasing trend
of Hildebrand parameter with the higher ethanol fraction is
clearly represented, as well as the decrease of the fraction
of the dispersion component.

The representations of the Hansen sphere both in the
Cartesian coordinate system, and in the 3D-extended ter-
nary coordinate system are similar (Fig. 6), but the spher-
oid is transformed to a generalized ellipsoid (the trans-
formation is pseudo-isomorphic). Hence this modified
representation can be used the same way as the original
(mixtures within the ellipsoid are good solvents for the
solute), and has the advantage of intrinsically showing the
Hildebrand iso-surfaces.

-
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1.0 .
0.0 01 02 03 04 05 06 07 08 09 1.0
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Fig. 3 The Hansen isotherms (a) and isobars (b) of scCO, (2D ternary graphs)

Fig. 4 The Hansen isotherms (a) and isobars (b) of scCO, (3D ternary graphs)
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Fig. 5 The Hildebrand parameters of scCO, + ethanol mixtures

4.3 Further improvement possibilities of the prediction
reliability of the Hansen concept

Once the prediction of supercritical solvent mixtures
HSPs is mainly solved, the HSPs values of the solutes has
to be revisited. Prediction of HPSs for certain relatively
complex molecules has been evaluated in a previous study
by traditional group contribution method [26]. The pro-
posed modifications are not sufficient to accurately pre-
dict the behavior of solute-solvent interactions. Therefore
it is important for small solute molecules to reconsider
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the classic calculation of HSPs by the group contribution
method, using the newly developed correction, based on
thermodynamical considerations, by Louwerse and col-
laborators [27]. The basis for this is the presumption that
when a molecule leaves the crystal structure or its own
neighborhood, by dissolving in another environment, the
process evolves with an entropy growth and an enthalpy
loss, while a negative AG is maintained. Future prospects
include the calculation of HSPs of different small mole-
cules (involved in supercritical fluid extraction and chro-
matography, particle forming, etc.), and search of correla-
tion between the value of the HSPs and process behavior.
We are conscious about the complexity of these processes,
but we hope that our work can contribute to a better under-
standing of different supercritical fluids systems.

5 Conclusions

The supercritical fluids, mainly scCO, and their mixtures
with green organic solvents (polar modifiers) are a green
solvent group with great perspective. For a better descrip-
tion of such solvent systems an improved ternary graphs
family (modified Teas plots) was developed using the par-
tial cohesion energy density concept, the distortion of the
original Teas chart was corrected, and the lost informa-
tion (Hildebrand parameter) was regained. The 3D modi-
fied Teas chart could be useful for the better understand-
ing of the dynamics of solubility variations during the
SCF processes and for the design of SC solvent mixtures

~
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Fig. 6 The Hansen sphere in Cartesian (a) and ternary (b) coordinate systems
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for various technological processes (e.g. extraction, chiral
resolution, green synthesis, cleaning, particle formation,
chromatography). The Hansen-ellipsoid was translated
to the new coordinate system, and it was demonstrated
that the transformation is pseudo-isomorphic. In order to
further tighten the gap between the model prediction and
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