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Quaternary Phase Equilibria for scCO; + Biophenolic Compound + Water +
Ethanol
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The possibility of recovering biologically active polyphenolic compounds from hydro-alcoholic mixtures, with
supercritical carbon dioxide, was investigated. In order to evaluate the viability of this fractionation step; vapor
liquid equilibrium measurements on the quaternary systems (E@thanol+ water+ phenolic compound-=
resveratrolp-coumaric acid, quercetin-3-glucoside, and catechin) were performed @@ 40d at (15 and 20)
MPa. The separation factors for hydro-alcoholic mixtures of different compositions in wagthanol were
determined and compared.

Introduction because it is “GRAS™generally regarded as safe, nonflam-
mable, noncorrosive, and inexpensie.

Although the supercritical fluid extraction from solid matrices
represents most of industrial uses, it is a semi-continuous process
involving the manipulation of large quantities of solid materials
under pressure, which constitutes a major drawback in generally
establishing this technology in natural compounds extraction.
Hence, future applications will favor the continuous fractionation
of liquid matrices with scC@in counter-current extraction
columns, using much smaller volumes under pressure and

This work is part of a major research project designed for
the development of green processes for the recovery of
biologically active polyphenols, namely, antioxidants, from
botanical matrices. Resveratrol, cateclttoumaric acid, and
Quercetin-3-glucoside, present in several edible foods, are
among the most investigated polyphenols for their relevant
biological activity. These compounds are of much interest to
pharmaceutical, cosmetic, and food industries, not only for their
antioxidant capacity but also for their anti-inflammatory and leading to much lower operating cosfs.

anti-cancer pr(_)perué'g.“ . . Since in most cases the target substances to be recovered from
Resveratrol is a naturally occurring phytoalexin produced by patural products are trapped in a solid material, a primary
some plants in response to injury or fungal infection. In Vitro, - eyiraction must be performed using a liquid solvent that has
in vivo, and ex vivo experiments have demonstrated the 55 o be classified as GRAS. Thus, the development of a green
numerous biological activities of thl_s metabolite. Rec_ently, much process for the recovery of biologically active polyphenols from
attention has focused on its role in chemopreverftidn. botanical matrices comprises a primary hydro-alcoholic extrac-
Quercetin-3-glucoside is a flavonol that occurs widely in tion to recover the target compounds from the solid matrices,
plants and is significantly present in apples. Several biological followed by a second fractionation step with scCO
actions of quercetin including protection of low-density lipo-  The viability of this last fractionation step is dependent on
protein (LDL) cholesterol against oxidation and anti-carcino- the equilibrium behavior of (CO+ ethanoH water+ phenolic
genic effects have been reporfetiAdditionally diabetic status  compound). Previous related work was published on the study
in rats was found to be ameliorated about 25 % in rats fed with of the phase behavior of the quaternary systemy(€@thanol
quercetint? + water+ capsaicin) in order to obtain the separation factor of
Catechin has essentially antimicrobial and antioxidant activity the natural product from hydro-alcoholic mixtures. In this work,
and is the main phenolic compound responsible for the health high-pressure vapetiquid equilibrium (VLE) experiments
benefits of green tea. Catechins are found in blood and tissueswere performed for quaternary mixtures of (£® ethanol+
following oral ingestion, prevent human plasma oxidation, and water+ phenolic compouneF catechin, quercetin-3-glucoside,
act as inhibitors of LDL oxidatiof*'2p-Coumaric acid prevents  reveratrol, andp-coumaric acid) at (15 and 19) MPa and 40
lipid peroxidation, reduces serum cholesterol levels, and en-°C. High-pressure phase equilibrium experiments for these
hances the resistance of LDL oxidatith. particular systems are reported for the first time.

Green processes for the recovery of the above-mentionedEX erimental Section
compounds from natural matrices are of extreme importance P ) ) )
and should be investigated. Supercritical fluid extraction is a  Materials. These materials were used as received: 9696 (
separation process gaining importance over conventional tech-catechin [CASRN 154-23-4], 90 % quercetin-3-glucoside
niques for the extraction of natural produétd5An exhaustive ~ [CASRN 776-86-3], and 98 %-coumaric acid [CASRN 501-
review regarding the use of Supercritica| QGCCQ) for the 98'4] from Fluka; 99 % resveratrol [CASRN 501'36'0], 99.8
recover of phenolic compounds from botanical matrices was % €thanol [CASRN 64-17-5], and 99.8 % methanol [CASRN
recently published® Supercritical carbon dioxide is the solvent ~ 675-67-1] from Riedel-de Hen CAS; and 99.998 mol % carbon
of choice for producing natural extracts for human consumption dioxide from Air Liquide.

Apparatus and ProceduresVLE measurements were per-

* Corresponding author. E-mail: cduarte@itgb.unl.pt. Fax351 21 formed using the experimental apparatus schematically presented
4421161. in Figure 1. The equilibrium cell is a stainless steel cylinder
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Figure 1. High-pressure apparatus for vapdiquid equilibrium measurements: 1, GBottle; 2, CQ compressor; 3, equilibrium cell with sapphire windows;
4, thermostatic water bath; 5, glass trap; 6, six-port HPLC valve, liquid sampling; 7, four-way HPLC valve, gas sampling; 8, temperature 8omtedder;
bath for low-pressure region; 10 and 11, expansion calibrated cylinders; 12, vacuum pump; 13 and 14, pressure transducer; 15 and 16, merctassthermome

with two sapphire windows and an internal capacity of ap-  Analytical Method.In the VLE experiments, samples were
proximately 30 cri The cell is immersed in a thermostated collected and diluted to a convenient volume using an adequate
water bath and has a magnetic internal stirring. While operating solvent for each compound: deionized water for p-coumaric
the CQ compressor, the desired pressure is brought into the acid and catechin, methanol for resveratrol, and aQ®3

cell. The pressure in the cell is measured with a pressureagueous basic solution (pH 11) for quercetin-3-glucoside. The
transducer 204 Setra calibrated between (0 and 343) MParesulting solutions were analyzed by a Thermo Spectronic
(precision: 0.1 %; accuracy: 0.15 % at the lowest pressure). Genesys 10UV spectrophotometer, and the amount of phenolic
The pressure in the low-pressure region is measured with acompound in the sample was determined.

pressure transducer 204 Setra calibrated between (0 and 0.17) AJ| the phenolic compounds in study absorb in the region of
MPa with a precision oft 0.05 %. The CQis pumped using  the ultraviolet with a maximum absorbance at 310 nm for
a pneumatic compressor NWA PM-101 75/97. The temperature p-coumaric acid, 280 nm for catechin, 289 for resveratrol, and
is measured with mercury thermometers with a precisiof: of 370 nm for quercetin-3-glucoside. Calibration was obtained via

0.01°C. The temperature is assumed to be homogeneous insidg,se of standard samples between (£.00~% and 1.0x 10-3)
the thermostated water-bath, heated by means of a 2500 Wg.|_ -1,

resistance connected to a PID controller. The typical temperature

Stablllty dUring experiments i 0.01 K. Results and Discussion
The experimental procedure followed in this work is similar ] o ] . .
to the one described in a previous paferBriefly, the In this work the possibility of extracting biophenolic com-

equilibrium cell, immersed in the thermostated water-bath is Pounds with scC@ from a hydro-alcoholic mixture was
initially loaded with approximately 10 mL of a mixture of (water ~€Xplored. The design of the supercritical extraction process to
+ ethanol+ phenolic compound) of known composition, and Pe carry out as a second stage separation requires a detailed
the system is pressurized with fresh £0ntil the desired knowledge of the VLE compositions of the quaternary mixtures
pressure is brought into the cell. At fixed temperature, a typical (CO: + ethanol+ water+ natural product). Since the volume
equilibration time is 1 h. A magnetic bar activated by a magnet Of the hydro-alcoholic extract can be reduced by evaporation,
performs stirring inside the cell. Samples are withdrawn from increasing the mass fraction of water in the matrix feed, two
both phases through a high_pressure Six.position Switching Vaivedifferent mixtures with different watet ethanol Compositions
(||qu|d Sampie) and a four-Way Switching valve (gas Sampie) were studied. High-pl’essure VLE experiments were performed
into the sample loops. The samples are collected by quick for quaternary mixtures of (COt ethanoH- water+ phenolic
depressurization and expansion into a large calibrated volume.compound) at (15 and 19) MPa and 4R Eight hydro-alcoholic
The expansion volume is composed by two calibrated cylinders Mixtures containing one of the following phenolic compounds:
(V1 =169 cn?, V2 = 153 cn?) and a calibrated glass trap (vt ~ catechin (0.010 ¢.7%), quercetin-3-glucoside (0.0151g™),

= 11.4 cnd). The two calibrated cylinders are used in an P-coumaric acid (0.025-4~1), or resveratrol (0.012-4 ) were
alternate mode’ exchanging from V1 for gas Samples to V2 for studied. The concentrations of the phenOliC Compound in the
||qu|d Sampies_ In the depressurizatiori7 thezagseparated solutions are of the order of magnitude of those obtained in
from the other compounds that precipitate in the glass trap. Thehydro-alcoholic extracts from grapes. Two different water
gas in the samples is then expanded into calibrated volumes,ethanol compositions60 % (v/v) water or 90 % (v/v) water

and the amount of COIn each sample is calculated from the Wwere used in order to study the effect of the water content in
measurement of the resulting subatmospheric pressure increast€e selectivity of the extraction process.

at the working temperature. The sample loops are later flushed Samples from the vapor (G@ich) phase and liquid (water
with an adequate solvent for each compound (deionized water+ ethanol-rich) phase were analyzed for the phenolic compound
for p-coumaric acid and catechin, methanol for resveratrol, and by UV spectrophotometry. The compositions of both phases in
a NaCO; aqueous basic solution (pH 11) for quercetin-3- carbon dioxide, water, and ethanol were calculated from mass
glucoside) to collect the solute precipitated during the large balances using the correlation of Duarte et al. of phase
pressure drop that occurred with the expansion and cleaned withequilibrium data for the (C©+ water+ ethanol) systerd? It

fresh CQ smoothly pressurized. The amount of collected solute was assumed that the presence of the natural compound, due to
was determined by spectrophotometric analysis in a Thermothe very small concentrations in both phases, did not signifi-
Spectronic Genesys 10UV. cantly affect the equilibrium ratios for the other components.
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Figure 2. Separation factors of the antioxidant compounds between the coexisting phases, as a function of @e&0.18é: water,O, 60 % water.

Table 1. Solubility of Antioxidant Compound? and the Separation Table 2. Phase Equilibrium Compositions of Water, Ethanol, and
Factors of the Antioxidant Compounds between the Gaseous and CO; on the Quaternary Systems CQ + Ethanol + Water +
Liquid Phased Antioxidant Compound?
bioactive water p solubility in CO, water p liquid phase (wt %) gaseous phase (wt %)
Compound % MPa X 1059'971 Olcompound % MPa Xwater Xethanol XCOZ Ywater Yethanol yCOZ
p-coumaric acid 60 15 1.56 0.09 4.6+ 0.4 60 15 57.9 31.0 111 0.6 4.3 95.1
19 1.32+0.09 2.6+£0.2 19 57.8 30.9 114 0.8 53 93.9
90 15 073004  24.4+21 90 15  86.8 7.7 55 04 1.4 98.2
19 0.64£004  107+11 19 862 7.7 62 05 2.0 97.4
resveratrol 60 15 0.82 0.06 5.1+ 0.6
19 0.21+0.01 27£03 a Calculated from mass balances using the correlation of Duarte et al. of
90 15 1.03£0.07  24.9+2.2 phase equilibrium data for the G& water+ ethanol systerd?
19 0.90+ 0.07 8.3+ 0.9
quercetin-3-glucoside 60 15 0.12 0.01 2.3+0.3 L . . , .
19 0.91+ 0.07 4805 uncertainties (statistical, associated to Bdeambert's calibra-
90 15 0.50+0.03  12.1+1.0 tion curve and to the average of the experimental measurements)
_ 19 3.53+0.06  20.7+1.6 and the systematic uncertainties (uncertainties due to the
catechin 60 135 44égi 8-52 1?-21 2? preparation of standard calibration solutions and to pressure and
20 15 541+ 040 267+ 28 temperature measurements) were found to be less than 8 %.
19 12.324+ 0.82 2095+ 2.7 Eacha data point is the average of at least three measurements

with a maximum estimated uncertainty of 12 %, listed along
2 Expressed in terms of mass of compound per mass of carbon dioxide with the data in Table 1. Uncertainties reported were calculated
in the gaseous phaseData are shown as the measisstandard error of from the observed deviation in measurements
the mean (SEM) for three independent experiments. oo ’ .
) _ _ Table 2 shows the calculated equilibrium compositions of
_Table 1 summarizes the experimental VLE data. This table water, ethanol, and GOn the liquid and gaseous phases from
gives the solubility of the phenolic compoundxpressed i mass balances using the correlation of Duarte et al. of phase
terms of mass of compound per mass of carbon dioxide in the equilibrium data for the (CO+ water+ ethanol) syster?

gas phaseand the separation factors of the compounds In Figure 2, the separation factors are plotted as a function

between the gaseous and liquid phases. These later results argf pressure for all the studied mixtures. Similarly to what was
expressed as observed for capsaicin in a previous stdéyor initial hydro-

Wlompound alcoholic mix_ture_s richer in water, higher se_pgratior_l factors_were

( ) obtained. This might be due to the fact that initial mixtures richer

Wlyater+ ethanof gas in water are in equilibrium with a gaseous phase poorer in

¢ Wtompound ethanol. Additionally, in the case of the mixtures containing
ofiquid guercetin-3-glucoside and catechin, ethanol acted as a cosolvent,
enhancing the solubility of these two compounds in the gaseous
The solubility uncertainty, taking in consideration the random phase.

Wtwater+ ethan
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The variation of the separation factors with pressure is mainly compounds in foods: their role in the prevention of cardiovascular
dependent on the solubility of the ethanol and the compound _ disease and cancekm. J. Med 2002 113 (9B), 71S-88S.

. I o (4) Surh, Y. J. Cancer chemoprevention with dietary phytochemidals.
in the equilibrium phases: it expresses the balance between these™™ o, “cancer2003 3, 768-780.

two quantities. For the quaternary systems containag (5) Dong, Z. Molecular mechanism of the chemopreventive effect of
coumaric acid and resveratrol, the decreasing of the separation  resveratrolMutat. Res2003 523-524, 145-150.

factor was mainly due to the increase of the solubility of ethanol  (6) ;Zi%ﬁiféss\}e?ggg}gtrzer%):;gtc %Otggtti:éggzh‘; ‘(’Q)erg‘;,g%vff“ve phyto-
in CO \.Nlth pressqre. In the Case. of the mIXture.S contalnln.g (7) Bawr, J. A.; Sinclair, gD A There?peutic potentialyof resveratrol: the
quercetin-3-glucoside and catechin, the separation factor in- in vivo evidenceNat. Re. Drug Discasery 2006 5 (7), 493-506.
creases with pressure due to the increasing of the solubility of (8) Murota, K.; Terao, J. Antioxidative flavonoid quercetin: implication
both ethanol and polyphenol in the gaseous phase. In fact, in of its intestinal absorption and metabolisArch. Biochem. Biophys.

s 2003 417, 12-17.
these cases the effect of the solubility of the target molecules (9) Dihal, A. A.; Woutersen, R. A.; Ommen, B.; Rietjens, I. M. C. M.;

prevails. _ ) Stierum, R. H. Modulatory effects of quercetin on proliferation and
The equilibrium behavior for the studied quaternary systems differentiation of the human colorectal cell line Cacocancer Lett.
is correlated with the chemical structure of the compounds. 2006 238(2), 248-259.

(10) Shetty, A. K.; Rashmi, R.; Rajan, M. G. R.; Sambaiah, K.; Salimath
P. V. Antidiabetic influence of quercetin in streptozotocininduced
diabetic ratsNutr. Res.2004 24, 373-381.

Similar structures show similar behavior.

Conclusions (11) Veluri, R.; Weir, T. L.; Bais, H. P.; Stermitz, F. R.; Vivanco, J. M.
In order to examine the feasibility of using sce@r the Eg&o tgﬁﬁni‘;‘éggtg”;'c{?ﬁ'?li‘g‘gvz'f'es of catechin derivaiEsAgric.

extraction of biophenolic compounds from hydro-alcoholic (12) Mukai, K.; Mitani, S.; Ohara, K.; Nagaoka, S. Structueetivity
mixtures, VLE experiments on the quaternary system (phenolic relationship of the tocopherol-regeneration reaction by catedfigs.

compound+ water+ ethanoH scCQ) were carried out at 40 w3 F,flaa?(ijcigi' B,\i/lo'_- 'E)",i‘(’qﬁi?‘? f/l&_ 1?;2;5?% - entii V.- Felice. M.
°C and pressures of (15 and 19) MPa. In this work, four target Scaccin’i, C Inhibition‘of Human Iow’-de'ﬁsity Iipc;prdfein oxic‘iatic.)’n

molecules were studied. Resveratrol, categitooumaric acid, by caffeic acid and other hydroxycinnamic acid derivativesee
and quercetin-3-glucoside are among the most important Radical Biol. Med.1995 19 (5), 541-552.

biophenolic present in several edible foods and were used in(14) Reverchon, E., De Marco, |. Supercritical fluid extraction and
P P fractionation of natural matted. Supercrit. Fluid2006 38 (2), 146-

this work as standard compounds. 166.

The results obtained indicate that the water content effect of (15) Herrero, M.; Cifuentes, A.; Iz, E. Sub- and supercritical fluid
the initial hydro-alcoholic mixture in the separation factor is extraction of functional ingredients from different natural sources:
relevant. For mixtures with higher water content, higher plants, food-by-products, algae and microalgéeod Chem2006

. 98 (1), 136-148.
separations factors were observed, and a more pronounced effeqt ) piaz-Reinoso, B.; Moure, A.; Dominguez, H.: Parajo, J. C. Super-

of pressure is observed. The separation factor decreases with  critical CO, extraction and purification of compounds with antioxidant
pressure fop-coumaric acid and resveratrol, and the opposite . al\;llti\k/ir:)/- J-dﬁgri& imd ChelmEZOOG 54, 2441-2469. ! carb
trend was observed for quercetin-3-glucoside and catechin. 1t(d7) Py awral Ra’t‘gr";"cg_’ugb%go;ﬁgg‘i%‘é‘i&&%:”
may be concluded from the experimental results that SCCO 18y perryt, M. Supercritical fluid extractionffractionation: _industrial
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preliminary results encouraged the possibility of extracting (19) Duarte, C. M. M.; Crew, M.; Casimiro, T.; Aguiar-Ricardo, A.; Nunes
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