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ABSTRACT

Extracting volatile compounds using supercritical carbon dioxide (scCO,) is one of the most
interesting applications of supercritical technology, due to the high solubility of these
substances in scCO,. Supercritical carbon dioxide extraction (SFE-CO;) has been applied for
obtaining extracts from several vegetable matrices, among them turmeric (Curcuma longa),
because its volatile oil contains a target bioactive compound: ar-turmerone. However, the
optimization of the SFE-CO, operating conditions aiming to obtain ar-turmerone rich extract
has not been studied yet. Therefore, applying supercritical technology for optimizing ar-
turmerone extraction from C. longa L was the objective of this study. Turmeric rhizomes
were ground, sieved and placed in contact with scCO, flowing at 8.5x10° kg/min in a
laboratorial-scale SFE unit. An experimental full factorial design composed of six levels of
pressure (10, 15, 20, 25, 30 and 35 MPa) and three levels of temperature (313, 323 and 333
K) was carried out in duplicate for evaluating the global and ar-turmerone yields. From these
assays, we selected three conditions (333K/25MPa, 333K/20MPa and 313K/20MPa)
presenting higher yields to study the kinetics of the process. Major compounds in the extracts
were identified and quantified by gas chromatography. Using SFE-CO; led to high extract and
ar-turmerone yields. Fost extraction combined with relatively low solvent consumption were
observed. According to the spline model, solvent to feed mass ratio of only 0.94 would be
required for extracting more than 90% of the ar-turmerone contained in the raw material at
333 K and 20 MPa. Thus, we suggested that this is a suitable condition for obtaining ar-
turmerone.

INTRODUCTION

Supercritical carbon dioxide extraction (SFE-CO;) of volatile compounds is one of the
most effective applications of the supercritical technology. The high solubility of these
substances in supercritical carbon dioxide (scCO,) medium and the facility in modifying the
selectivity of the compounds of interest through changes in the process variables are some
important aspects that enable the application of this technology [1]. Furthermore, the solvent
can be easily removed from the mixture by pressure reduction.

Turmeric is the rhizome of the plant Curcuma longa L., a tropical herb of the
zingiberaceae family and native to southern Asia. The turmeric volatile oil is rich in
sesquiterpenes compounds. Among these, ar-turmerone is of great interest due to its use in the
prevention and treatment of various diseases. Its bioactivity has been associated with anti-
inflammatory, antioxidant, antimicrobial and anticarcinogenic [2-5] properties. Some



literature works have reported the optimization of oil extraction from C. longa using scCo, [6]
and scCo; plus cosolvent [7]. The oil extraction by SFE-CO, and the extract purification into
two fraction (ar-turmerone-rich and o-B-turmerone-rich fractions) by liquid-solid
chromatography has been evaluated in another work [8]. Furthermore, a more recent work
tested the phase equilibrium of a pseudo-compound named o-fB-ar-turmerone and composed
of three turmerones (o- turmerone, - turmerone, and ar-turmerone) in scCO; [9]. However,
the optimization of the extraction conditions to obtain ar-turmerone rich extract have not been
reported in literature.

In the work reported here, the optimization of ar-turmerone extraction using SFE-CO,
was investigated. The first step of the work consisted of the construction of the Global Yield
Isotherms (GYI). These curves enable to select the conditions of temperature and pressure
[10, 11] that result in higher yield of the target compounds. Later, Overall Extraction Curves
(OEC) were obtained in the defined conditions of temperature and pressure and evaluated
based on the kinetic parameters calculated by fitting the experimental data to a spline [12].

MATERIALS AND METHODS

Raw material characterization and preparation

Turmeric rhizomes (Curcuma longa L.) were obtained from Oficina de Ervas
Farmacia de Manipulagdo Ltda (lot 065DM, Ribeirdo Preto, Brazil). The rhizomes were
collected in September 2012 and were held under freezing for 10 days. Later, they were dried
under shade until moisture of 8 %, stored in plastic bags and kept in a domestic freezer at 263
K (Metalfrio, model DA420, Sao Paulo, Brazil). Before the assays, the rhizomes were ground
in a knife mill (Marconi, model MA340, Piracicaba, Brazil) using sieve with opening of 1.5
mm. The ground raw material was classified according to the particle size using a vibratory
system (Bertel, model 1868, Caieiras, Brazil) assembled with 8100 mesh sieves (Tyler
series, Wheeling, USA). The particle mean diameter (d,) was determined according to the
ASAE Standards [13]. The moisture content of the raw material was determined by the xylene
distillation method [14], indicated to raw material rich in volatile oil. The true density of the
particles (pr) was determined by picnometry with helium gas (Quantachrome Instruments,
model Automatic Pycnometer Ultrapyc 1200e, Boynton Beach, USA) at the Analytical Center
of the Institute of Chemistry, University of Campinas (Campinas, Brazil). The apparent
density of the bed (p,) was calculated by dividing the sample mass loaded into the extraction
cell by cell internal volume. The total porosity of the bed () was calculated as: € =1 - (pa/pr).

SFE-CO; procedures

Laboratorial-scale SFE unit, named SFE-I [15] and equipped with a 415-cm?
extraction cell (3.14 cm diameter and 46 cm height, internal dimensions) was used to perform
the SFE assays in order to obtain the GYIs and OECs from turmeric. The raw material sample
was placed inside the extraction vessel with the aid of a nylon cell presenting approximately
the same diameter as the vessel. To fill the extraction vessel completely, the empty space of
the vessel was filled with glass beads of meshes 8 — 10 and a Teflon column. The temperature
control was performed using a thermostatic bath (Marconi, model 159/300, Piracicaba, Brazil)
and the pressure system was kept by an air-driven pump (Maximitor GmbH, model M111,
Nordhausen, Germany) and a back pressure regulator valve (Tescom Corporation, model 26-
171, Elk River, USA). The extracting solvent was carbon dioxide (99.9 % purity, Gama
Gases, Sdo Bernardo do Campo, Brazil). The GYIs were obtained based on a full factorial
design composed of six levels of pressure (10, 15, 20, 25, 30 and 35 MPa) and three levels of



temperature (313, 323 and 333 K) and carried out in duplicate. For these runs the solvent (S)
to feed (F) mass ratio was maintained constant at 12.1.

The OECs were constructed in duplicate and the defined extraction conditions based
on the GYIs results were 313 K /20 MPa, 333 K /20 MPa and 333 K / 25 MPa. The kinetics
parameters were estimated from the spline model [16] with 2 straight lines using the Proc Reg
and the Proc Nlin procedures of SAS 9.2" [17]. The first line represents the constant
extraction rate period (CER) and the second the diffusion controlled period (DC). The
following kinetic parameters were obtained for the CER period as described by Meireles [11]:
mass-transfer rate (Mcgr) represented by the slope of the first line; length of the CER period
(tcer) corresponding to the interception of the first and second lines; mass ratio of solute in
the supercritical phase at the column outlet (Ycgr) obtained by dividing Mcgr by the mean
solvent flow rate for the CER period; and yield relative to the CER period (Rcgr). Moreover,
the solvent (S) to feed (F) mass ratio, relative to the CER period (S/Fcgr), was also calculated.
All experimental data are presented in Table 1. Statistical analyzes of ANOVA and Tukey test
were carried out using the commercial software Minitab® version 16.

Table 1: Bed characterization and operational data of experiments.

Hydrodistillation SFE-CO,
GYIs OECs

Raw material characterization

Moisture (%) 13+0.5 13+£0.5 13+£0.5

d, (10 m)* 6.75 + 0.04 6.75 + 0.04 6.75 + 0.04

p (kg/m®)° 1450 + 10 1450 + 10 1450 + 10
Experimental data

F (2)° 25 47 76.4

pa (kg/m®) - 840 + 21 840 + 21

Porosity - 0.42+0.01 0.42+0.01

Static period (min) - 20 20
Extraction parameters

Qcoz (10 kg/min)° - 8.6+0.2 8.4+0.4

Results are presented as mean + standard deviation
*Mean particle diameter (d,); °true density of the particles (q,); “raw material mass (F), approximately value;
dapparent density of the bed (q.); “CO, flow rate (Qcoy).

Chemical composition of the extracts

The turmeric extract compositions were determined in a gas chromatograph with
flame ionization (GC-FID) (Shimadzu, CG 17A, Kyoto, Japan) system equipped with a fused-
silica capillary column DB-5 (J&W Scientific, 5% phenyl 95% dimethylpolysiloxane, 30 m x
0.25 mm 1.d. x 0.25 um, Folsom, USA). The operating conditions and procedure of analysis
were adapted from the work of Braga et al. [7] in short: dilution of samples in ethyl acetate
(Merck, analytical standard, Darmstadt, Germany) using an approximate ratio of 5 mg of
extract per cm?® of solvent; helium (99.9 % purity, White Martins, Campinas, Brazil) as carrier
gas at a flow rate of 1.4 cm?/min; split injection conducted with injection volume of 1 pL and
split ratio of 1:30; injection temperature of 513 K; initially column temperature of 393 K, then
programmed at 2 K/min to 453 K, then at 10 K/min to 503 K and held for 5 min; detection
temperature of 553 K.

The turmeric volatile compounds were identified by Gas Chromatograph-Mass
Spectrometry (GC-MS) at the Analytical Center of the Institute of Chemistry, University of
Campinas (Campinas, Brazil). GC-MS were performed on a gas chromatography instrument



(Agilent, 5975C Series GC/MSD System, Santa Clara, USA) equipped with a capillary
column HP-5MS (Agilent J&W, 5% phenyl 95% dimethylpolysiloxane, 30 m % 0.25 mm 1.d.
x 0.25 pum, Santa Clara, USA) and coupled with a mass spectrometer. The operational
conditions of compound separations were identical to those previously described for GC-FID.
The mass spectrometer was operated in electron-impact mode, the scan range was 40-500
Daltons, the ionization energy was 70 eV and the scan rate was 0.5 s/scan. The obtained mass
spectra were compared with the NIST 11 mass spectral database [18] and spectral
informations from literature [19, 20]. The quantification of the three turmerone (ar-turmerone,
a-turmerone e P-turmerone) was performed using ar-tumerone (Sigma-Aldrich, (S)-ar-
Turmerone analytical standard, St. Louis, USA) standard calibration curve. The a- and (-
turmerone quantification based on the ar-turmerone calibration curve can be justified by the
great similarity among these compounds.

RESULTS

Identification of turmeric compounds

In Figure 1 typical GC-FID chromatogram of turmeric extract obtained by SFE-CO, is
presented. About 30 compounds were detected in the extracts. The main compounds were (1)
ar-curcumene, (2) zingiberene, (3) B-sesquiphellandrene, (4) ar-turmerone, (5) a-turmerone e
(6) PB-turmerone (also known as curlone [21]). Qin et al. [20] obtained similar
chromatographic profile of C. longa Jianghuang extract obtained by pressurized liquid
extraction. The extracts obtained here presented high content of the three turmerones (ar-, a-
and B-turmerone). Together they represented on average 75 % of the extracts. Only the ar-
turmerone, the main bioactive compound of the plant volatile oil, represented almost 20 % of
the extracts.
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Figure 1: GC-FID chromatogram of C. longa L. obtained by SFE-CO; (333 K, 25 MPa, and
8.6 x 107 kg/min).

Global Yield Isotherms

Global yield and ar-turmerone yield isothermal curves are presented in Figures 2a and
2b, respectively. The variation of ar-turmerone yield with pressure and temperature was
similar to that of global yield. Moreover, the extract compositions varied slightly among the
process conditions analyzed.

For the pressure range studied (10 -35 MPa), the isotherms presented crossover region
near to 20 MPa. The inversion pressure of the isotherms is the result of the phenomenon
known as retrograde condensation [22]. This phenomenon is characterized by high solubilities



of the solutes at low temperatures before the inversion point (pressure). On the other hand,
high solubilities at high temperatures are observed when using larger pressures than that of
inversion (Figures 2a and 2b) [23]. This event can be roughly explained by a balance between
two effects. The first is the combined effect of the temperature and pressure on the solvent
density. The second is the variation of the solute vapor pressure with the temperature. In low
pressures (here between 10 and near to 20 MPa) small variations in the temperature and/or
pressure presented high influence on the solvent density [24]. Increasing temperature in the
system led to the decreasing of the solvent density and, consequently, the solubility of the
compounds dropped down in the solvent. Further, the solubility of the compounds increased
rapidly with a pressure change from 10 to 20 MPa. As it can observed in Figures 2a and 2b,
for pressures larger than that of inversion the solvent density drop with the temperature
increase is not as important as at low pressures. The density drop was overlapped by the vapor
pressure increase of the solutes [25]. This was true for the yields obtained at 333 K in
comparison with those obtained at 313 and 323 K. The similarities among the isotherms
shown in Figures 2a and 2b indicates that the process conditions did not greatly affected the
composition of the extracts; this was also observed by Began et al. [6].
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Figure 2: Global yield (a) and ar-turmerone yield (b) isotherms of C. longa L. obtained by
SFE-CO, (Q = 8.6 x 10™ kg/min; S/F = 12.1).

Maximum extract yield of 6.9 % (kg extract / 100 kg dry raw material) and the highest
relative yield in ar-turmerone, 1.14 % were obtained at 333 K and 25 MPa (Table 2).
However, no significant differences were observed among these yields and those in the ranges
of 6.1-6.9 % for the extract and 0.93-1.14 % for the ar-turmerone (Table 2) by the Tukey test
(at 5% level of significance). At 333 K, the global and ar-turmerone yields remained
relatively constant from 20 to 35 MPa (Figure 2a and 2b). When the process was performed at
313 and 323 K were observed a solubility drop of the compounds at 30 MPa and an even
smaller solubility at 35 MPa e 323 K. Began et al. [6] identified 308 K and 22.5 MPa as the
optimum condition for the extraction of turmeric volatile oil by SFE-CO, using response-
surface methodology (RSM). Also by RSM, Chang et al. [8] found that values near to 320 K
and 26 MPa are adequate to extract the three turmerones with purity close to 71%. In more
recent work using SFE-CO,, Kao et al. [9] obtained extraction yield of 6.98 wt% (weight
percent) at 313 K and 26 MPa; the extract contained 67.7 % of turmerones (ar-, a- and f-
turmerone). In the work reported here, extracts containing from 70.5 to 75 % of the three
turmerones were obtained in the conditions of high yields.



Table 2: Global yields of extraction and ar-turmerome (%, g / 100 g dry raw material) as
function of operating conditions

Pressure (MPa) Temperature (K)

313 323 333
Global yields
10 3.8+ 0.5%% 0.7+02" 0.4+03"
15 5.4 + (.30 5.2 40,19 4.4 +0.5%
20 6.1 £ 0.0%d 6.2 £ 0.2%0¢d 6.6 £ 0.5%
25 6.3 £ 0.0%° 6.1 + (.32 6.9+0.1%
30 5.2 + ().4%0cfe 4.7 +0.0%f 6.4 + (.4%°
35 6.4 +0.1% 3.7+0.58 6.8 £ 0.0
ar-Turmerone yields

10 0.72 + 0.09% 0.13 +£0.04" 0.07 +0.06"
15 0.97 + 0.028¢ 0.96 £ 0.16% 0.82 £ 0.09°%
20 1.07 £ 0.01% 1.07 £0.01% 1.12+0.012
25 1.09 +0.01% 1.05 £ 0.01%° 1.14+0.012
30 0.93 + 0.06% 0.87 £ 0.00%% 1.12 £ 0.04°
35 1.09 £ 0.01%® 0.66 + 0.08° 1.13 £0.03°

*Results are presented as mean + standard deviation; a—h letters represent significant difference at 5% level of
significance between the extraction conditions.

Now, in agreement with the results reported here and those cited from the literature, it
seems clear that an extraction condition that includes pressure in the range of 20-25 MPa and
temperature in the range of 313 — 333 K presents an adequate condition to obtain ar-
turmerone-rich extracts. Pressures higher than 25 MPa (and up to 35 MPa) can be discarded,
because it does not lead to an increase in the extraction of the target compounds and, on the
other hand, can impact significantly in the operating cost of the SFE process.

Overall Extraction Curves

OECs for turmeric extracts were built in three conditions (temperature/pressure)
(Figure 3a). These conditions were selected based on the results of the yield isotherms. The
experimental OECs data were fitted to a spline with 2 straight lines and the kinetic parameters
are presented in Table 3. The 333K/25MPa and 333K/20MPa conditions were equivalent, no
significant differences were observed between their parameters of S/Fcggr, tcgr, Rcgr and Ry
by the Tukey test (at 5% level of significance). However, comparing these conditions with
313K/20MPa significant differences can be noted with respect to S/Fcgr, tcer, € Rr. For
313K/20MPa about 2.0 kg solvent / kg dry raw material (S/Fcgr) would be necessary to reach
similar yields to those obtained at 333K/25MPa and 333K/20MPa in the end of CER period.
In other words, the double amount of the solvent is required. The mass ratio of extract in the
supercritical phase at the column outlet (Ycgr) presented high levels, in the range of 107 kg
extract/kg solvent, allowing, for example, that S/Fcgr of only 1.1 was required to extract more
than 80 % of extractable compounds at 333K and 20MPa.

Extraction kinetics for ar-turmerone from were also obtained (Figure 3b) and the
kinetic parameters are presented in Table 3. Similar results to those discussed above were
found. For the 333K/25MPa and 333K/20MPa conditions the kinetic parameters of S/Fcgg,
tcer, Reer and Ry did not present significant differences by the Tukey test (at 5% level of



significance). On the other hand, significant difference for S/Fcgr was observed comparing
these two conditions with 313K/20MPa. The easy access to the solute by the solvent
contributed to high yields associated with low solvent consumption. According to the spline
model, S/Fcgr ratios of only 0.83 and 0.94 would be required to extract more than 90 % of the
ar-turmerone contained in the raw material at 333K/25MPa and 333K and 20MPa,
respectively.
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Figure 3: Extraction curves for extract (a) and ar-turmerone (b) at various experimental
conditions by SFE-CO,; (—) data fitted using SAS 9.2".

Table 3: Kinetic parameters estimated by the spline model (using SAS 9.2%).

Extraction tcgr/60 S/Fcer Mcgrx1 0° Y cerXx1 0? Reer Rt
condition (s)* (kg/kg)® (kg/s)© (kg/kg)® (% db)F (%, db.)"
Based on global yield
333 K /25 MPa 6.7+0.1° 0.9 +0.0° 11.0 £0.2° 7.9+0.1° 6.7 +0.0° 7.7 +0.0°
333 K /20 MPa 9.6+0.3 1.1+£0.0° 72+0.1° 5.9+0.0° 6.7+0.1% 7.9+0.1%
313 K /20 MPa 15.6 + 1.3 2.0+0.1% 3.7+0.1° 3.0+0.1° 6.1+0.2° 7.1+0.0°
p-value 0.003 0.002 0.000 0.000 0.040 0.004

Based on ar-Turmerone yield
333K/25MPa 6.48+0.09° 0.83+£0.00° 1.76+0.07° 126+0.02* 1.04+0.02® 1.09+0.02°
333K/20MPa  8.02+0.24® 0.94+0.02° 142+0.02°> 1.10+0.01° 1.04+0.02* 1.12+0.02°
313K/20MPa 12,14+ 1.75* 1.59+021° 0.78+0.05° 0.60+0.06° 0.94+0.03* 1.06+0.01"
p-value 0.024 0.015 0.001 0.001 0.048 0.110

*Results are presented as mean =+ standard desviation; a—c letters represent significant difference at 5% level of
significance between the data. “Extraction time; “Solvent (S) to feed (F) mass ratio (kg solvent / kg dry raw
material); “Extraction rate; “Solute mass ratio in the supercritical phase at the extractor exit (kg solute / kg
solvent); "Extraction yield (%, dry basis). All about of CER period. "Experimental extraction yield after 3
hours (%).

Given what was presented, both with respect to ar-turmerone as to the extract, it seems
that the 333K/25MPa and 333K/20MPa conditions exhibit advantages in solubility and mass
transfer of the compounds in comparison to 313K/20MPa. Therefore, they have potential for a
rapid extraction process combined with savings of the solvent. Furthermore, considering that
for 333K/25MPa and 333K/20MPa no significant differences were observed in terms of
S/Fcer and Rcgr, we can recognize that 333 K and 20 MPa are suitable for obtaining the
extract and ar-turmerone. This condition led to high yield and extraction rate and presents
lower impact in the operational cost of the process, due to the lower pressure.



CONCLUSION

The turmeric rhizomes used in this study presented almost 20 % of ar-turmerone in the
extracts obtained by SFE-CO, and about 75 % of the three turmerones (ar-, a- and -
turmerone, major compounds). The extract composition was slightly affected by the
conditions studied. The use of SFE-CO, led to higher yields of extract and ar-turmerone.
Moreover, fast extraction and relatively low solvent consumption were observed. Finally, we
can recognize that temperature of 333 K and pressure of 20 MPa presents suitable for
obtaining the extract and its bioactive compound ar-turmerone by SFE-CO,.

ACKNOWLEDGMENTS

P. 1. N. Carvalho thanks FAPESP (2013/20758-5) for the Ph.D. and CNPq
(130754/2012-9) for the MSc. assistantships. J. F. Osorio-Tobon thanks CAPES for the PhD
assistantship and M. A. A. Meireles thanks CNPq for the productivity grant (301301/2010-7).
Authors are grateful to CNPq (470916/2012-5) for the financial support and to FAPESP
(2012/10685-8) for the partial support.

REFERENCES

[1]REVERCHON, E. and DE MARCO, I., Journal of Supercritical Fluids, Vol. 38, 2006, p. 146

[2] PARK, S.Y., et al., Neurochemistry International, Vol. 61, 2012, p. 767

[3] SINGH, G., et al., Food and Chemical Toxicology, Vol. 48, 2010, p. 1026

[4] SINGH, S., et al., Journal of Essential Oil Research, Vol. 23,2011, p. 11

[5]PARK, S.Y., et al., Journal of Cellular Biochemistry, Vol. 113, 2012, p. 3653

[6] BEGAN, G., et al., Food Research International, Vol. 33, 2000, p. 341

[71 BRAGA, M.E.M,, et al., Journal of Agricultural and Food Chemistry, Vol. 51, 2003, p. 6604

[8] CHANG, L.-H., et al., Separation and Purification Technology, Vol. 47, 2006, p. 119

[91 KAO, L., et al., Journal of Supercritical Fluids, Vol. 43, 2007, p. 276

[10] MOURA, L.S., et al., Journal of Supercritical Fluids, Vol. 35, 2005, p. 212

[11] MEIRELES, M.A.A., Extraction of Bioactive Compounds from Latin American Plants, in Supercritical
Fluid Extraction of Nutraceuticals and Bioactive Compounds, MARTINEZ, J.L., Editor. CRC Press. 2008,
p. 243.

[12] RODRIGUES, V.M., et al., Journal of Agricultural and Food Chemistry, Vol. 51, 2003, p. 1518

[13] ASAE, Method of Determining and Expressing Fineness of Feed Materials by Sieving. American Society of
Agricultural Engineers. 1998, p. 447.

[14] JACOBS, M.B., Determination of moisture, in The Chemical Analysis of Foods and Products. Robert E.
Krieger Publishing Co. Inc.: New York, NY. 1973, p. 22.

[15] VEGGIL, P.C., et al., Journal of Food Engineering, Vol. 131, 2014, p. 96

[16] FREUD, R.J. and LITTLE, R.C., SAS System for Regression, in SAS Series in Statistical Applications. SAS
Institute: Cary, NC. 1995, p. 211.

[17] RODRIGUES, V.M., et al., The Journal of Supercritical Fluids, Vol. 22, 2002, p. 21

[18] NIST, National Institute for Standards and Technology. Mass Spectrometry Tools. Retrieved from
http://chemdata.nist.gov on August 2013.

[19] ADAMS, R.P., Identification of Essential Oil Components By Gas Chromatography/Mass Spectrometry.
4th ed.: Allured Publishing Corporation. 2007, 804.

[20] QIN, N.Y., et al., Journal of Pharmaceutical and Biomedical Analysis, Vol. 43, 2007, p. 486

[21] PUBCHEM, PubChem Compound Database. Retrieved from http://pubchem.ncbi.nlm.nih.gov/ on February
2014.




PARK, S.J., et al., International Journal of Thermophysics, Vol. 8, 1987, p. 449

BRUNNER, G. and PETER, S., Separation Science and Technology, Vol. 17, 1982, p. 199
QUISPE-CONDORLI, S., et al., Journal of Supercritical Fluids, Vol. 36, 2005, p. 40

DEL VALLE, J.M. and AGUILERA, J.M., Food Science and Technology International, Vol. 5, 1999, p. 1



