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ABSTRACT

In this work, the solubility of thymoquinoneR-(+)-pulegone and 1-octen-3-ol in
supercritical CQ@ is determined in a range of conditions typicalsapercritical fluid
processes such as extraction, fractionation andegmation. These compounds were
selected based in their insecticidal activity whiokay enable to apply them as
biopesticides. Solubility was measured using a sentinuos method in the temperature
range of 45-65°C and pressure of 8-12 MPa, at a flo@rate of 0.05-0.10 g/min,
which was verified to be low enough to ensure sditom. Solubilities were predicted
using the Group Contribution Equation of State (B&S) and compared to the
experimental results, with a good agreement. Ctarsty of the data was tested using

the density-based Chrastil equation.

Key words: solubility, thymoquinoneR-(+)-pulegone, 1-octen-3-ol, supercritical carbon

dioxide, GC-EoS.
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1. Introduction

Essential oils and many of their volatile composesthow a wide range of bioactive
properties, and therefore they are currently usecbsmetic, perfume, sanitary and oral
care products, as well as in agronomic industryfpad preservatives and additives, and
in pharmaceutical formulations [1], besides thee tn traditional medicine since ancient
times.

In this work, the solubility of three selected ltae compounds in supercritical GO
(scCQ), namely thymoquinondz-(+)-pulegone and 1-octen-3-ol, naturally occurnng
several essential oils, is presented. The chenstattures of these compounds are
shown inTable 1 Thymoquinone is extracted from several plantshsasNigella sativa
(black cumin) [2], Origanum vulgareL. [3], Monarda didyma(scarlet bee balm),
Monarda fistulosgwild bergamot) [4],Thymus pulegioideS hymus serpyllupmlrhymus
vulgaris, Satureja hortensis, Satureja montamapatorium cannabinurandJuniperus
communis[5], among others. This compound is claimed towslantioxidant, anti-
inflammatory, anticancer, antimicrobial, hepatopotive, immunomodulatory, and
antiparasitic activities [6][7][8], which explairike interest of its recovery from herlps.
(+)-pulegone is a monoterpene ketone present iregkential oil of many mint species,
sometimes in a very high percentage [9]. For examplis the major constituent of
Mentha pulegiun{10], Minthostachys verticillatd11] and, in minor concentration, is
also present in peppermint oMéntha piperita [9] andZuccagnia punctatfil2], among
others. Toxicity effects of pulegone have been olegk in mice, rats and humans
because it is oxidized by cytochrome P450 to reaatietabolites such as menthofuran
[13][14]. Consequently, pulegone is subject to salvieegulations as flavouring agent by

the European Parliament and limitations in its aseosmetic ingredient [13]. Finally, 1-
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octen-3-ol (also known as “mushroom alcohol”) isvalatile compound present in
several plant species suchlamtana camard15], Premna integrifolia[16], Epilobium
parviflorum[17], in essential oils extracted with scegfdom rosemary [18] and lavender
[19], etc. It is also used as a spoilage indicatastored cereals because it is one of the
most important flavor components produced by musin[20].

Besides other specific properties, these compounrad® been selected in this work
mainly due to their potential use as biopesticid®&gh the aim to reduce the use of
chemical insecticides and establish limits on tippliaation of synthetic pesticides
(organophosphates, chlorates and carbamates) toulagral products, biopesticides
appear as “green” alternatives, with low impacthmman health and environment and
high selectivity [21]. Although the direct replacemd of synthetic pesticides by
biopesticides on field faces important technologarad economical barriers, there are
several other promising applications for this kiol compounds [22], such as pest
control in confined places (for example, silos anber storing places of grains and
derivative products) and active food packaging mgge Moreover, the increasing
restrictions to the use of synthetic pesticidesrmies the development of integrated pest
management (IPM) systems, combining the effectifiérént physical, chemical and
biological agents for pest control, in which biojpades can find application
opportunities [23]. Finally, the increasing markét‘organic” or “bio” food represents
another interesting niche of application. Insedatiactivity of thymoquinone an@-(+)-
pulegone (alone and in combination), as well astére3-ol, against the corn weevil
(Sitophilus zeamajshas been reported by Herrera et al. [24]. Abclal. [10] present a
valorization of pulegone-ricM. pulegiumessential oil as an effective natural bio-agent
with antimicrobial and insecticidal properties. Riost al. [11] have reported insecticidal

and repellent activity ttMusca domesticwith M. verticillata essential oil and pulegone
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1-Octen-3-ol has a broad spectrum of action agadifstrent genera of fungi [25]
because it plays a role as a self-inhibitor [26pcking the germination process. Owing
to this, 1-octen-3-ol, as well as other fungal tildacompounds, have been proposed as
protecting agents against pathogenic species itaiable agriculture [27] and for
preventing post-harvest fungal growth in the fooduistry [28].

Several studies have been reported in the literategarding supercritical processing of
these compounds, or extracts containing them. Kkample, Goii et al. [29] have
recently studied the scG@ssisted impregnation of low density polyethyléiras with
thymoquinone an®&-(+)-pulegone, for developing active packaging mate or delivery
devices for protecting seeds, kernels and derigatirom insect pests, showing the
importance of the fluid phase concentration on ggpation yield and kinetics. Morover,
Sovova et al. [4] have investigated the seGRtraction of thymoquinone frorv.
didyma and M. fistulosa concluding that this procedure yields extractshwhigher
thymoquinone content than conventional hydrodgtoin. The same conclusion has
been pointed out by Grosso et al. [30] &rmontanaxtracts, and by Solati et al. [31]
for N. sativaseed oil. Gurgenova et al. [32] have studied dwevery of thymoquinone
from N. sativa seed oil by continuous scGOextraction, using a mixture of
thymoquinone and rapeseed oil as model systemthi®ipurpose, they have obtained
dynamic and static equilibrium data of this sys{@3], as well as some binary data for
the [thymoquinone + C£ system near the critical point of the mixture5a°C [34].
Finally, scCQ countercurrent fractionation can also be appliad aa alternative
methodology to reduce the content of pulegone ati@drorelated ketones in mint
essential oils, as well as to recover active comdeudrom dementholized mint oils, as
demonstrated in a previous work [35]. In this serddadzimbamuto et al. [36] have

studied the scCfOfractionation of buchu oil in order to remove educe its naturally
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high and undesired percentage of pulegone, regohiigh pressure binary equilibrium
data of its main components and £O

The knowledge of the solubility of the compoundsndérest in scC@constitutes a key
parameter in supercritical processes, as it detasnihe amount of fluid required or the
highest concentration that can be obtai ned irflthe phase in an impregnation, particle
formation, fractionation or extraction system. Bhsm this, in the present work the
solubility of thymoquinoneR-(+)-pulegone and 1-octen-3-ol in scE€@as measured
using a semicontinuous method at different tempesatind pressure conditions, which
are representative of the typical operation ranges, results were modeled using the
Group Contribution Equation of State (GC-EoS) [3#jth the objective of providing
useful data for the design and optimization of scoygcal processes. This model has
been successfully applied in previous works connogrifractionation of essential oils
[35][38]. It has proven a very good capability fpredictive phase equilibrium
calculations of assymetric mixtures at high pressoonditions. Besides, it allows
calculation of other equilibrium properties whiate aiseful for process design (fugacity
coefficients, phase envelopes, etc.) which caneaildfained, for example, by empirical

or semi-empirical solubility methods.

2. Materials and methods

2.1. Materials

The solutes and solvents used in this work, incgdheir purity, source, CAS number,

molecular weight, normal melting point and chemgtalicture, are reported irable 1

Food grade ethanol (96% v/v, Porta Hnos., Argehtwas used for cleaning the
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experimental equipment. All these chemicals wereduslirectly without further

purification.

2.2. Experimental setup and procedure

Solubility measurements were performed using a miyna@r “gas saturation” method in
a high pressure equipment schematically represemteéid). 1, and described in detail in
a previous work [35]In brief, it consists in a stainless steel colupmmer diameter: 0.9
cm, height: 30 cm) connected to a {f@livery system. The column is externally heated
by an aluminium jacket and a set of electrical @araesistances connected to a PID
temperature controller (DH 101, Dhacel, Argentina)th a precision of = 0.1 °C.
Pressure is measured with a pressure transducePTB30 Xian Chinastar M&C Ltd.,
China) within a range of £ 0.1 MPa.

In a typical measurement, the column is filled with mm diameter glass beads mixed
with the compound whose solubility is to be deterxdi (~1 g in all cases). Glass wool
filters are placed at the column inlet and outtebrder to support the glass beads and
avoid entrainment of solute droplets or partickefier loading the column, it is slowly
filled with CO, directly from the tank, until reaching the satimatpressure at the
prevailing ambient conditions. GGs allowed to flow by 20-30 min in order to remove
the air initially present in the column. At thisipty the heating system is turned on and
the system is allowed to equilibrate at the desopdration temperature. Meanwhile,
CO, from the tank is cooled to approx. 1°C in a coihersed in an ice-water bath, and
stored as a liquid in the pressure generator ogfifdiP, USA). Once the temperature is
stable, CQ is fed from the pressure generator to the columii teaching the desired

operation pressure. Immediately before enteringctilamn, CQ goes through a pre-
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heating coil kept at the desired operation tempegatThis operation is performed
slowly, and several adjustements may be necessdilytiie system conditions are in
equilibrium. After a static period of 2 h, duringhieh the system is allowed to
equilibrate with all valves closed, the dynamicragtion step is performed by opening
slowly the inlet and outlet valves and keeping astant flow of CQ. The flow rate is
adjusted to the desired value and controlled atlaegntervals by a bubble gas meter.
The outlet stream is depressurized in a micromederalve (Swagelok, USA) heated by
an electrical tape in order to avoid condensatiotleposition of solid particles due to the
rapid cooling of CQ. After some minutes of stabilization, the solutgptis connected to
the outlet valve. In the case Bf(+)-pulegone and 1-octen-3-ol, this trap consisied
glass U-tube partially filled with metallic meshdarmmersed in a -40°C silicone oil
cooling bath (RE-107, Lauda, Germany). U-tubesthoeoughly cleaned with ethanol
and compressed air, and dried in an oven at 118f@deach use. The amount of solute
recovered in the trap during a certain period temheined gravimetrically by measuring
the mass increase of the trap in an analyticalnioalgd Ohaus Adventurer Pro, New
Jersey, USAd=0.1 mg). The corresponding amount of 4©determined volumetrically
by the bubble gas meter at ambient temperaturespre and humidity conditions. In the
case of thymoquinone, due to the difficulties inaeering this solid compound in the U-
tubes, the trap was replaced by a glass flasldfilgh a certain volume of 2-propanol
(previously saturated with G The geometry of this flask allows the £6tream to
bubble from the bottom into the solvent, which digss the extracted solute. The
stripped gas is measured in the bubble flow m&ering measurements, the flask is
immersed into the cooling bath in order to minimsmvent evaporation. After solute
collection, the solution is analyzed in a UV-vigib$pectrophotometer (Lambda 25,

Perkin-Elmer, USA) at 252 nm, and the amount ofitgois calculated from a calibration
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curve. From this information, the solubility of é&acompound in scCOwas calculated
as mole fractionyg). The experimental procedure was validated byasyction of
reported solubility data ab-limonene (for the U-tube trap) and diphenylamife {he
solvent trap), as will be shown in the Results disdussion section.

Solubility was measured at 45, 55 and 65°C andpreasure range of approx. 8.0-12.0
MPa for R-(+)-pulegone and 1-octen-3-ol, which are typicahditions in supercritical
CO, processes. In the case of thymoquinone, as itingekemperature is about 45°C
[39], solubility was measured at 50 and 60°C. Altijo a melting point depression
induced by C@might be expected, temperatures above this va&re selected in order
to ensure liquid-fluid equilibrium conditions. Memements were performed at
increasing pressure and constant temperature, aclll isotherm was determined by
duplicate. Some points were also replicated indegethy. Therefore, all measurements
are reported as an average of 2 to 4 replicates.

In addition, the optimal COflow rate was determined, in order to ensure thatoutlet
fluid stream is saturated with solute. In factthié flow rate is too high, thermodynamic
equilibrium may not be achieved, and the solubilipyderestimated. Therefore,
preliminary measurements were performed usHgnonene in order to determine a

flow rate value (or range) where the observed sliiyis maximum.

3. Thermodynamic modeling

3.1. GC-EOS model

Modeling of the binary solubility of the differesbmpounds in scCOwas performed

using the Group Contribution Equation of State (B&S) [37]. This model is based in
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the calculation of the Helmholtz free energy coesity two contributions to non-
ideality: a free-volume or repulsive term (calcathfrom molecular properties) and an
attractive term (calculated using a group contrdrutapproach). The model equations
are detailed iMppendix A. The GC-EoS model has been successfully appligtido
calculation of high pressure phase equilibria direaad range of compounds using a
limited number of functional groups and binary matgion parameters.

The critical properties and the group contributsbructure of the studied compounds are
presented iMables 2and 3, respectively. Except for GOthe critical temperatures and
pressures were estimated using the group conwibumethod of Joback [40]. GO
critical properties, as well as its density ateléint temperature and pressure conditions,
were taken from the NIST Chemistry Webbook datalpase The critical diameterd()

of the pure compounds was adjusted from a vap@spre point. The pure group, binary
interaction and binary non-randomness parametesd usthis model are presented in
Tables 4—6 The most recent available version of the GC-Ea@mpeter matrix was used
[42]. For the correct representation of pulegomeplafinic group >C=C< was necessary,
which is not defined in the current parameter matristead of defining a new group, the
existing >C=CH- group and its corresponding separameters were used, modifying
only theq parameter value (number of surface segments) latyasating the contribution
of one H atom. This approach has been previoughjieapin similar cases [35][38]. In
the case of the binary interaction parameters lextviee ketone group and the olefinic
groups, not available in the revised matrix, thegrevtaken from our own previous
adjustments [38]. The carbonyl groups in thymogonexavere represented using the
cyC=0 group previously defined by Barrera et aB][4

Calculations were performed in each case by sohanguultiphase flash at fixed

temperature and pressure with the subroutine GCTHRE] in a Fortran environment,

10
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used for parameter adjustment. The model deviattas calculated in terms of the

percent average relative deviatigkRD%), defined according t&q. 1.

N
1 calc __ ,,6Xp
ARD% = — Z% x 100
N Y,

i=1

(1)

whereN is the number of experimental data points, s andy," represent the

calculated and experimental solubility (in molectran).

3.2. Chrastil equation

The well known density-based equation of Chragii] [adapted to liquid solutes was
used as a test for checking the consistency ofddit@. This model correlates the

solubility of a substanceS( in kg/n?) with the pure C® density and temperature,

according to Eq. 2.

S = pke (%+b)

wherep is in kg/n?, T in K, andk, a andb are constant parameters. This equation can be

rewritten in terms of the solute mass fractid¥h @ccording to Eq. 3.

a
InY = (k—1)lnp+T+b

(2)

3)

11
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According to this expression, a plot ofYlrvs. Irp should be linear. The equation
parameters were fitted by minimizing the deviatianth the experimental data,

calculated a®\RD?%.

4. Results and discussion

As previously mentioned, the dynamic method wasdatdd by reproduction of
solubility data ofp-limonene and diphenylamine in sc&@ported in the literature.
These preliminary measurements involved the detertioin of the flow rate required for
the saturation of the CGstream in the extraction column. For that purpsseeral runs
were performed at fixed temperature and pressunditons and varying the CQlow
rate, and the mole fraction oflimonene in the fluid phase was quantifi€ty. 2 shows
results obtained at 60°C and 8.2 MPa. As can be, ske observed values are nearly
constant below a flow rate of approx. 0.11 g/mimj decrease at higher rates, indicating
that equilibrium is not achieved above this valdiee to mass transfer limitations. From
this information, all measurements in this work evperformed at C&flow rates within
the range of 0.05-0.10 g/min. It has to be noted the maximum saturation flow rate
may depend on the GBubstrate ratio inside the extractor, and theesfttiange with the
loaded amount and with G@lensity. In this case, considering the initialdiog of 1 g

of substrate, the cell volume and the temperatmdepaessure conditions tested, this ratio
was in the range of 1.2 to 3.1 g/g in all experitaen

Table 7 shows the solubility values oflimonene in scC@obtained in this work using
the gravimetric method at different temperature g@melssure conditions, which are
graphically compared to the values reported byradbéhors [46][47][48][49][50] irFig.

3. Similarly, Table 8 shows the solubility of diphenylamine in sc€@btained in this

12



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

work with both the spectrophotometric and the grestric methods, compared with
literature data [51] ifrig. 4. A good agreement between our data and the valoesthe
literature is observed, taking into account theelision of the data, especially at lower
pressure values. Note that these data have beametiusing different methods: Akgiin
et al. [46] applied a static method with chromaapiric analysis of both phases; Sovova
et al. [47] used a dynamic method with gravimetji@antification in a cooled U-tube;
whereas Chang and Chen [48] determined the edquitibcompositions from density
data measured in a densimeter with recirculatiorihé case of Leeke et al. [49], a high
pressure cell with recirculation and sampling waedufor equilibrium measurements,
while Matos et al. [50] determined the limonene aamtration in the gas phase
gravimetrically in a static high pressure cell.

Table 9 shows the experimental solubility values for thgmimone at 50 and 60°C, as
well as the GC-EoS predictive calculations. Resatts graphically presented Hig.
5(a). As can be seen, a good agreement is observeddrethe GC-EoS predictions and
the experimental values (ARD% of 20.8 and 13.85@tand 60°C, respectively).
Solubility increases about one order of magnitudehe studied pressure range, from
approx. 10 to 10° (mole fraction). The occurrence of a “cross-oveoint, where the
temperature dependence of the solubility invers, also be noticed at a pressure value
between 8.5 and 9.0 MPa, correctly predicted by rtwel. Fig. 5(b) shows the
solubility values as a function of pure €@ensity, as well as the correlations using the
equation of Chrastil. A very good linear behavier abserved, with both isotherms
overlapping, indicating that the Chrastil paranmetare practically independent of
temperature for this compound. There are few dat#hée literature concerning this
particular system. Gurgenova et al. [34] have detezd the critical pressure of the [€O

+ thymoquinone] mixture at 50°C by direct obsematin a sapphire cell, being approx.

13
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10.3 MPa. Although our data show a two-fold inceeas solubility from 10.0 to 10.5
MPa at this temperature, we cannot ascertain thatcbrresponds to the critical point.
Although the GC-EoS model correctly represents gbkibility behavior below this
pressure, it predicts biphasic conditions above fhmit. These authors have also
reported dynamic and static solubility data of tlegminone in near-critical and
supercritical CQ@ [33]. Their interest was to study the fractionatiof thymoquinone
from black cumin seed oil by scG@xtraction, and therefore they used a mixture of
thymoquinone and rapeseed oil as model systemeadsbf pure thymoquinone.
Although they claim that rapeseed oil solubility @O, is negligible at the tested
conditions, the fact that measurements are perfdrare a ternary system, and not a
binary one, has important effects on the obsenres@ equilibrium. On the one hand,
they report a marked dependence of solubility eandbncentration of thymoquinone in
the liquid feed. On the other, they observe soiybitalues of 0.7-5.4 x 10 (mole
fraction), at 28 and 38°C and pressures as high2asMPa. This indicates that the
presence of the rapeseed oil, although practicaityextracted in the supercritical phase,
extends the heterogeneous region to higher predsusts and yields even lower
solubilities, with respect to the binary system.eTtifference between binary and
multicomponent solubilities, which can be signifitahas been previously pointed out
by the authors for other terpenic mixtures [38].

The experimental and predicted solubility valuesRgf+)-pulegone in sC@at 45, 55
and 65°C are presentedTiable 10andFig. 6(a) In this case, an exponential increase of
solubility with pressure can be seen, as well agmarease of the heterogeneous region
limits to higher pressure levels when increasing temperature. The one order of
magnitude increase observed at the highest pressaiues, especially at 45 and 55°C,

although typical in liquid-fluid equilibria neardtcritical region of the mixture, may also

14
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indicate the occurrence of a single phase (compieseibility). In order to check this
hypothesis, mass balances were performed in oodestimate the global concentration
inside the extractor column at these conditionsigmering the amounts of pulegone
extracted in previous measurements and the loss@sgdsystem stabilization), which
was found to be about the same order of magnitdideeoobserved solubility values,
although somewhat higher (0.02-0.03, mole fractidnddzimbamuto et al. [36] have
reported high pressure equilibrium data for the {GOpulegone] system at various
temperatures (from 35 to 75°C). Although they pnéseainly bubble points and the gas-
phase data are scarce, their results suggeshthatitical pressure of the mixture is near
9.5 MPa at 45°C, which is in agreement with oureobations. At 55°C, the critical
pressure seems to be near 11.5 MPa and theref@eers probable that we have
measured a single phase at 10.5 MPa. At 65°C,dhsgrve that the critical pressure is
around 13.5 MPa, therefore our own measurementesmond entirely to gas-phase
solubilities. Although the GC-EoS model correctlgsdribes the solubility behavior,
higher deviations are observed for this compoundR® up to 43.9%). These
differences, which increase at higher pressure beaa consequence of the errors in the
prediction of equilibrium pressures in the neatical region of the mixture. In this
sense, the effect of G@ensity starts to override the effect of solutporgoressure and
the solubilities become higher at lower temperatuFég. 6(b) suggests a significant
deviation from the expected linear dependence leivike logarithm of the solubility
and the logarithm of C{density, especially at 45°C, which may be duexdmeemental
errors near the critical point of the mixture ortte above-mentioned possibility of
having single phase conditions at the highestdegstessure. A temperature-dependence
of Chrastil parameters is also observed, as théhaesms present different slope and

intercept.
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Finally, Table 11 andFig. 7(a) show the experimental and calculated solubilitiyea
for 1-octen-3-ol at 45, 55 and 65°C. The same omkroof magnitude exponential
increase of solubility with pressure is observemr8 to 11 MPa (from approx. o
10?). Globally, GC-EoS predictions are in good agresimeéth the observed behavior at
45 and 55°C (showing ARD% values of 7.3 and 18.M4t)) higher deviations at 65°C
(31.5%). It can also be noticed that the experialesplubility decreases with
temperature at a given pressure in the whole sludiege, although the model predicts
the occurrence of “cross-over” points. Within theeidsed pressure range, no sharp
increase of solubility is observed (as was the d¢as&-(+)-pulegone), indicating that
measurements were taken relatively far below tliggcakr point of the mixture. This
extension of the heterogeneous region limits tdérgoressure levels could be due to
association effects which may be important in #lsohol. Fig. 7(b) indicates a good
correlation between solubility and G@ensity at the three studied temperatures. A
certain temperature-dependence of the Chrastihpetexs can also be observed for this
compound. Although there are other studies in ttezature regarding high pressure
equilibrium of different @ alcohols and Cg[52], to the best of our knowledge, this is

the first report of 1-octen-3-ol solubility datasnCQ.

5. Conclusions

The solubility of thymoquinoneR-(+)-pulegone and 1-octen-3-ol in supercriticalocar

dioxide were determined experimentally using a semtinuos method in the
temperature range of 45-65°C and a pressure rdnggpoox. 8—12 MPa. The equation
of Chrastil, used to test the consistency of th&,dahowed good results, with a

temperature-dependence of the Chrastil parameief (f+)-pulegone and 1-octen-3-ol.
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The GC-EoS model was used to predict the behavidh® three studied systems,
achieving a good representation of the solubiliyditions, though deviations tend to

increase towards the critical region of the mixsure
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Appendix A. GC-EoS model equations.

The GC-EoS model computes the residual Helmholerggn A" by two additive
contributions: a repulsive or free volume tewﬁ’)(and an attractive term accounting for

intermolecular forcesA®™):

Ares = Afv + Aatt (A.l)

The free volume term is modeled using a Carnaharli®j type hard sphere expression,

developed by Mansoori and Leland [53]:

3

ATV _, (/11,12) ¥ -1+ (A

2) (- 2 _ A2
BT 7 /1%>( Y+Y*—InY)+nlnY (A.2)

where:
A\ *
y=[(1-=- (A.3)
< (4 )
NC
A = z nd¥ (A.4)

V is the total volume, NC the number of componentthe mixturep; is the number of
moles of component n is the total mole number anklis the temperature dependent

hard sphere diameter of each component, calcutasted

21



d; = 1.065655d, ; [1 ~0.12 exp< BTC")] (A.5)

whered,; is the pure component critical hard sphere diam@dteis parameter can be
fitted to a vapor pressure point, or calculatednfriihe pure compound critical properties

(Tc andP.) as:

1/3
0.08943RT,;
. <_> (A6)

Pc,i

The attractive term is a group contribution versafna NRTL type expression with

density dependent mixing rules:

Aatt NC NG NG NG
Z i
RT = _EZ niZV}CI]'Z(ngquTkj/RTV)/Z 01715
7 7 K 1

(A.7)
where:
q NC
q -
A
NC NG
q= niz:vj"qj (A.9)
i j
aA .. 00
T, = exp (%Tﬁ;fq) (A.10)
Agij = 9ij — 9jj (A.11)
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NG is the number of groupg,is the coordination number of any segment (sé0p/|

is the number of groups of tygein moleculei, g; is the number of surface segments

assigned to group 6 is the surface fraction of grodp g is the total number of surface

segmentsy; is the attraction energy parameter between groapdj (g; = gji), anda;j is

the binary non-randomness parameter £ o;). The binary interaction parameters

between unlike groups are calculated as:

1/2

9ij = kij(919;;) (kij = ki)

with the following temperature dependences:

* ! T n T
955 =95 |1+ g7~ 1)+ g;In{7=
] ]

* ! ZT

(A.12)

(A.13)

(A.14)

whereg*,-,- is the interaction parameter for the pure grpap the reference temperature

*

T;.

The detailed description of this model can be foumthe works by Skjold-Jgrgensen

[37].
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3 Table 1.Chemicals used in this work, including chemicalatiure, CAS number, purity,

TABLES

4 supplier, molecular weighMW) and normal melting point of the solut@s,).
_ CAS Purity MW
Compound Chemical structure Source Tm (°C)
number (Wt%)* (g/mol)
O CHg
_ CHs Sigma-Aldrich,
Thymoquinone 490-91-5 >99 164.2 451
HsC Germany
o]
(6] CHs, 4 .
_ Sigma-Aldrich,
R-(+)-Pulegone CHs 89-82-7 >97 152.2 -25.1
Germany
HaC
OH Sigma-Aldrich,
1-Octen-3-ol e~ _cH,  3391-86-4 =08 128.2 -49.7
HaC Germany
CH3
, O/ Sigma-Aldrich,
D-Limonene [ PIONGRY 138-86-3 >97 136.2 -74.8
Germany
CHs
H
_ _ N Sigma-Aldrich,
Diphenylamine 122-39-4 >99 169.2 52.9
Germany
CO, 124-38-9 >99.99 Linde, Argentina 44.0
Cicarelli,
2-propanol 67-63-0 >99.5 _ 60.1
Argentina

O 00 N o U

& No previous purification was performed.

® From literature [39]. Determined by differentidietmal analysis (DTA) and differential scanning
calorimetry (DSC). Standard uncertaintyT) = 2.2°C.

¢ Estimated by Joback’s group contribution method.[40
4 From NIST Chemistry Webbook [41]. Measured ineefing tube. Standard uncertaintgT) = 0.15°C.

10  ®From NIST Chemistry Webbook [41]. Average of 21ues. Standard uncertainty(T) = 2°C.

11

12
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Table 2. Critical temperatureTg), critical pressureR;) and critical diameterd() of

studied compounds

T. (°C) P. (MPa) d. (cm/mol)
CO, 31.F 7.38 3.129
Thymoquinone 289% 3.93 5.904
R-(+)-pulegone 2010 2.76 6.036
1-octen-3-ol 166.9 2.77 5.559

# From NIST Webbook database [41].

® Estimated by the Joback group contribution mefA6d

¢ Determined from a vapor pressure point.

25



Table 3. GC-Eo0S group structure of studied compounds

thymoquinone  R-(+)-pulegone 1-octen-3-ol GO
CH;, 3 3 1 -
CH, - - 4 -
CH 1 - - -
cyCH, - 2 - -
cyCH - 1 - -
CH,=CH - - 1 -
C=CH 2 1° - -
CHOH - - 1 -
CH,C=0 - 1 - -
cyC=0 2 - - -
Cco, - - - 1

2 Redefined as C=C

26



Table 4.Pure group parameters

q T g g g
CHs; 0.848 600 316910 -0.9274 0
CH; 0.540 600 356080 -0.8755 0
CH 0.228 600 356080 -0.8755 0
cyCH, 0.540 600 466550 -0.6062 0
cyCH 0.228 600 466550 -0.6328 0
CH,=CH 1.176 600 337980 -0.6764 0
C=CH 0.676 600 546780 -1.0966 0
CHOH 0.908 512.6 1207500 -0.6441 0
CH,C=0 1.180 600 888410 -0.7018 0
cyC=0 0.640 600 888410 -0.7018 0
CGo, 1.261 304.2 531890 -0.5780 0

4= 0.485 inR-(+)-pulegone.



1 Table 5. Binary interaction parameteris; @bove diagonal arkl; below diagonal)
2
CHs CH, CH c¢yCH, <¢cyCH CH,=CH C=CH CHOH CH,C=0 ¢cyC=0 COG,

CH; - 1.000 1.000 1.000 1.000 0.977 1.000 0.715 0.834 0.834 0.898
CH, 0.000 - n.n. n.n. n.n. 0.977 n.n. 0.682 n.n. n.n. 0.814
CH 0.000 n.n. - n.n. n.n. n.n. 1.000 n.n. n.n. 0.834 0.814
cyCH, 0.000 n.n. n.n. - 1.000 n.n. 1.000 n.n. 0.870 n.n. 0.928
cyCH 0.000 n.n. n.n. 0.000 - n.n. 1.000 n.n. 0.870 n.n. 0.928
CH,=CH 0.000 0.000 n.n. n.n. n.n. - n.n. 1.040 n.n. n.n. 0.948
C=CH 0.000 n.n. 0.000 0.000 0.000 n.n. - n.n. 1.000 0.975 1.000
CHOH 0.000 0.000 n.n. n.n. n.n. 0.000 n.n. - n.n. n.n. 0.785
CH,C=0 0.084 n.n. n.n. 0.097 0.097 n.n. 0.000 n.n. - n.n. 1.025
cyC=0 0.084 n.n. 0.084 n.n. n.n. n.n. 0.000 n.n. n.n. - 1.025
CO, 0.000 0.000 0.000 0.210 0.210 0.000 0.000 0.000 0.108 0.108 -

3 n.n.: not necessary for calculations

4

5

6
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1  Table 6.Binary non-randomness parameterg #bove diagonal ana; below diagonal)

2
CH; CH, CH cyCH, cyCH CH,=CH C=CH CHOH CH,C=O cyC=0O CO,
CH; - 0.000 0.000 0.000 0.000 0.000 0.000 1.471 0.854 0.854 4.683
CH, 0.000 - n.n. n.n. n.n. 0.000 n.n. 1.471 n.n. n.n. 4.683
CH 0.000 n.n. - n.n. n.n. n.n. 0.000 n.n. n.n. 0.854 4.683
cyCH, 0.000 n.n. n.n. - 0.000 n.n. 0.000 n.n. 0.854 n.n. 0.000
cyCH 0.000 n.n. n.n. 0.000 - n.n. 0.000 n.n. 0.851 n.n. 0.000
CH,=CH 0.000 0.000 n.n. n.n. n.n. - n.n. 0.000 n.n. n.n. 0.000
C=CH 0.000 n.n. 0.000 0.000 0.000 n.n. - n.n. 0.000 0.000 0.000
CHOH 10.22 10.22 n.n. n.n. n.n. 0.000 n.n. - n.n. n.n. -1.180
CH,C=0 5.146 n.n. n.n. 5.146 5.146 n.n. 0.000 n.n. - n.n. 0.170
cyC=0 5.146 n.n. 5.146 n.n. n.n. n.n. 0.000 n.n. n.n. - 0.170
CG, 4683 4.683 4.683 0.000 0.000 0.000 0.000 0.220 0.170  0.170 -
3 n.n.: not necessary for calculations
4
5
6
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Table 7. Experimental solubility of liquid-limonene in scCQ(y.), given as mean value

+ standard deviatiom(= 2).

T(°C) P (MPa) y2(x10)
50 7.6 3.13+0.25
8.2 3.43+0.11
9.3 6.77 +0.57
60 8.2 2.18 +0.17
9.0 3.59 +0.03
9.9 4.01 +0.63

Standard uncertainties arg€T) = +0.1°C;u(P) = £0.1 MPau,(y,) = £7.1%.
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1 Table 8. Experimental solubility of solid diphenylaminesnCQ (y.), given as mean

2 value * standard deviation € 2).
3
T(°C) P (MPa) y2(x10), Y2 (x10)),
gravimetric  spectrophotometric
32 8.5 1.41 +£0.02 1.07 £0.01
9.0 1.59+0.11 1.45 +0.03
10.0 2.77 £0.07 2.66 £0.10
37 8.2 1.74 £ 0.07 2.00+0.10
9.0 2.30+0.03 2.34+0.15
10.0 3.14 +0.19 3.50+0.22
4 Standard uncertainties arg€T) = 0.1°C;u(P) = 0.1 MPayu,(y,) = +3.7% (gravimetric);
5 ur(y2) = +4.1% (spectrophotometric).
6
7
8

31



Table 9. Experimental and calculated solubility of liquid/moquinoney) in scCQ.

Experimental results are given as mean value tlatandeviationr{ = 2—4).

T(°C) P (MPa) voF (x10°) T (x10°) ARDY
50 8.0 0.27 +0.03 0.22 20.8
8.5 0.40 +0.05 0.32
9.0 0.55 + 0.04 0.48
9.5 0.75+0.17 0.77
10.0 0.95+0.22 1.31
10.5 1.74 £ 0.30 2.31
60 8.0 0.33+0.05 0.28 13.8
8.5 0.41+0.08 0.35
9.0 0.52 +0.03 0.45
9.5 0.55+0.08 0.59
10.0 0.63+0.07 0.79
10.5 1.18 £ 0.10 1.08

Standard uncertainties atg€T) = 0.1°C;u(P) = 0.1 MPau,(y,~") = +14%.
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1 Table 10.Experimental and calculated solubility of liquidl@gone ¥») in scCQ.

2 Experimental results are given as mean value tlatandeviationr{ = 2—4).
3
T(°C) P (MPa) voF (x10°) ot (x10°) ARDY%
45 8.0 0.87 +£0.17 0.41 43.9
8.5 1.15+0.04 0.66
9.0 1.20+0.45 1.26
9.5 12.31 +3.43 3.05
55 8.0 0.58 £+0.11 0.44 29.4
8.5 0.52 £0.15 0.57
9.0 0.66 +0.16 0.77
9.5 1.07+0.20 1.08
10.0 2.67 +£0.05 1.59
10.5 1410 +2.51 2.43
65 8.0 0.56 +0.01 0.55 27.4
9.0 0.47 £0.05 0.81
9.5 1.00 = 0.07 1.00
10.0 1.37+0.12 1.27
10.5 2.10+0.14 1.64
11.0 5.71 +1.44 2.14
4 Standard uncertainties atgT) = 0.1°C;u(P) = 0.1 MPau,(y») = £16%.
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Table 11.Experimental and calculated solubility of liquieb&ten-3-ol {») in scCQ.

Experimental results are given as mean value tlatandeviationr{ = 2—4).

T(°C) P (MPa) voF (x10°) ot (x10°) ARDY%
45 8.0 1.10 £ 0.09 0.99 7.3
8.5 1.45 + 0.49 1.43
9.0 2.86 +0.11 2.31
9.5 419+0.12 4.04
10.0 6.17 +0.00 6.27
55 8.0 0.88+0.10 1.06 18.1
8.5 1.12 +0.29 1.31
9.0 1.77 £ 0.90 1.64
9.5 2.09 £ 0.33 2.12
10.0 3.18 +0.52 2.81
10.5 7.46 +1.00 3.77
65 8.0 0.73+0.00 1.34 315
9.0 1.36 £0.12 1.79
9.5 2.01+0.15 2.11
10.0 2.43+0.33 2.51
10.5 3.49+0.62 3.02
11.0 7.82+1.22 3.67

Standard uncertainties atg€T) = 0.1°C;u(P) = 0.1 MPau,(y») = £14%.
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FIGURES

V1 V2

Figure 1. Experimental setup. (1) G@eservoir; (2) cooling coil; (3) pressure generato
(4) manometer; (5) pre-heating coll; (6) heatintkg; (7) high pressure cell; (8)
temperature controller; (9) pressure transducé);, ¢dld trap; (11) bubble flow meter;

(V) on-off valves; (MV) micrometering valve.
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CO, flow rate (g/min)

Figure 2. Mole fraction of liquidd-limonene in scCQ(y,) as a function of C&flow

rate afT = 60°C andP = 8.2 MPa. Dotted line provided only for visual gance.
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Figure 3. Solubility of liquid D-limonene in scC®(y,, mole fraction) at (a) 50°C, and
(b) 60°C. @) This work, (0) Akgun et al. [46], £) Sovova et al. [47],&¢) Chang and

Chen [48], 0) Leeke et al. [49],X) Matos et al. [50].
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Figure 4. Solubility of solid diphenylamine in scGQy,, mole fraction) at (a) 32°C, and
(b) 37°C. @) This work, spectrophotometrialf this work, gravimetric;

(<©) Tsekhanskaya et al. [51], gravimetric.
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Figure 5. Solubility of liquid thymoquinone in scCQy», mole fraction) as a function of
pressure. Experimental values #)60°C, (0) 60°C. Lines: (a) GC-EoS predictions at:
(—) 50°C, (--) 60°C; (b) Chrastil model fity: thymoquinone mass fraction in sc&O

p: pure CQ density (kg/m).
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Figure 6. Solubility of liquid R-(+)-pulegone in scCgy,, mole fraction) as a function
of pressure. Experimental values #) @45°C, (0) 55°C, @) 65°C. Lines: (a) GC-EoS
predictions at: (—) 45°C, ¢-) 55°C, (--) 65°C; (b) Chrastil model fity: R-(+)-pulegone

mass fraction in scCOp: pure CQ density (kg/m).
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Figure 7. Solubility of liquid 1-octen-3-ol in scCQy,, mole fraction) as a function of
pressure. Experimental values &) @5°C, (O0) 55°C, @) 65°C. Lines: (a) GC-EoS
predictions at: (—) 45°C, (-) 55°C, {--) 65°C; (b) Chrastil model fity: 1-octen-3-ol

mass fraction in scCOp: pure CQ density (kg/m).
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