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New experimental data on the extraction of caffeine from guaraná seeds and maté tea leaves, and
theobromine from cocoa beans, with supercritical CO2 were obtained using a high-pressure extraction
apparatus. The effect of the addition of ethanol to carbon dioxide on the extraction efficiency was
also investigated. Caffeine extraction yields of 98% of the initial caffeine content in both wet ground
guaraná seeds and maté tea leaves were obtained. Extractions of caffeine from guaraná seeds and
maté tea leaves also exhibited a retrograde behavior for the two temperatures considered in this
work. In the removal of theobromine from cocoa beans, a much smaller extraction yield was obtained
with longer extraction periods and consequently larger solvent requirements. The results of this study
confirm the higher selectivity of CO2 for caffeine in comparison with that for theobromine, and also
the influence of other components in each particular natural product on the extraction of methyl-
xanthines. The effect of the addition of ethanol to carbon dioxide on the extraction of methylxanthines
was significant, particularly in the extraction of theobromine from cocoa beans. In general, the use of
ethanol results in lower solvent and energy requirements and thereby improved extraction efficiency.
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INTRODUCTION

Guaraná seeds are used in concentrated and soft drinks and
are known to act as a stimulant mainly because of their rich
caffeine content (4.8%) (1-4). Maté leaves,Ilex paraguariensis,
produced and consumed mainly in South America, are also
known for their stimulant and diuretic properties, attributed also
to their contents of caffeine (0.5-0.8%), theophylline (0.01-
0.08%), and theobromine (0.03%) (5-7). Several laboratory
studies (8-10) have shown that polyphenols found in these tea
leaves can inhibit the formation and growth of tumors. A high
intake of maté can, however, provoke irritability, loss of sleep,
cerebral depression, and nervous tremor. Cocoa beans,Theo-
broma cacao, the source of a variety of products including cocoa
powder and chocolate, etc., contain significant amounts of
theobromine (1.22%), and have strong diuretic, stimulant, and
arterial dilating effects (1, 11, 12). Extraction of these meth-
ylxanthines from these natural plants is a potentially attractive
process for the recovery of alkaloids with potential application
as ingredients in a variety of pharmaceutical products, as well
as production of higher-value methylxanthine-free products for
human consumption.

Liquid extraction using solvents such as dimethyl chloride,
chloroform, and water has been used for methylxanthines
removal from natural plants (13, 14). Chemical solvents,
however, require several hours for a complete extraction (15)
and carry with them the risk of toxic residue in the extracted
products. Water, although an excellent solvent of methylxan-
thines, is highly nonselective and its use may result in the
removal of other valuable components from the extracted
product (16). The low critical temperature, nontoxicity, and low
cost have rendered supercritical CO2 a suitable solvent for food
products (17-20). Application of supercritical fluid technology
in biotechnology, and prediction of the solubility of biomol-
ecules in supercritical solvents have been reported (21-23).
Supercritical extraction is successfully used on a commercial
scale for the decaffeination of coffee beans (24). The only data
found in the open literature on the decaffeination of guaraná
seeds are those of Mehr et al. (25). Saldaña et al. (7) extracted
caffeine from maté leaves at 70°C and 255 bar. The potential
extraction of theobromine from cocoa beans using dry super-
critical CO2 was also reported by Sambarato (26).

Although carbon dioxide is an attractive alternative to current
liquid solvent applications for the extraction of active compo-
nents from natural products (16, 17, 19, 27), it is not, in general,
an efficient solvent of polar solutes, and the use of cosolvents
to modify the solvent power of carbon dioxide is commonly
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practiced. Cosolvent effects are brought about through specific
chemical interaction (hydrogen bonds and acid-base interac-
tions) or physical interactions (dipole-dipole or dipole induced
dipole) between the cosolvent and solute, and also possibly
interaction between the solvent and the cosolvent, affecting
solvent-solute interaction (28). Solubility of pure methylxan-
thines in supercritical CO2 (7, 29) or in water-saturated CO2

(30) is relatively low. Li and Hartland (31) obtained data on
the extraction of theobromine and cocoa butter from cocoa beans
using supercritical carbon dioxide at 150 bar and 60°C and
pointed out ethanol as a better cosolvent for the extraction of
cocoa butter than for theobromine. Johannsen and Brunner (32)
investigated the extraction of caffeine, theophylline, and theo-
bromine with supercritical CO2/methanol mixtures and reported
much higher solubilities of methylxanthines than those obtained
with pure supercritical CO2.

In this work, we present new experimental data on the effects
of temperature and pressure on the extractability of caffeine from
Brazilian guaraná seeds and maté tea leaves, as well as the
extractability of theobromine from Brazilian cocoa beans using
water-saturated supercritical CO2. Li and Hartland (31, 33) have
obtained similar low yields of theobromine using dry super-
critical CO2. We also present new data on the effect of ethanol
addition as a cosolvent in the supercritical CO2 extraction of
these methylxanthines from three natural products: guaraná
seeds, maté tea leaves, and cocoa beans at 200 bar and 70°C.

MATERIALS AND METHODS

Materials. Caffeine and theobromine, 99.9% in purity, were
purchased from Aldrich-Chemie (Steinheim, Germany). CO2, 99.95%
in purity, was purchased from KWD (Bad Hönningen, Germany). Mate´
leaves were collected from the State University of Campinas-Unicamp
Experimental Plant (Campinas, Brazil). Cocoa beans and guaraná fruits

were supplied in dried form by the Cardill Company S. A. (Bahia,
Brazil) and Brazilian State Agricultural Research Company-Embrapa
(Manaus, Brazil), respectively. The products were kept in separate and
sealed plastic bags until they were ground in a mill before use. For all
experiments, ground particles ranging in size from 0.630 to 1 mm, 0.315
to 0.630 mm, and 0.315 to 2 mm, were used for guaraná seeds, maté
tea leaves, and cocoa beans, respectively.

Experimental Apparatus. The supercritical extraction plant (Figure
1), purchased from Applied Separation Inc. (Allentown, PA), is designed
for working pressures and temperatures up to 690 bar and 250°C,
respectively. This microextraction apparatus allows simple and efficient
extractions at supercritical conditions with flexibility to operate in a
dynamic or a static mode. The plant consists of three modules: an
oven, a pump, and a control and collection module. The oven module
has capacity for four parallel 50-cm3 extraction columns placed in a
constant temperature environment. The pump module is equipped with
a compressed air-driven pump with a constant theoretical flow capacity
of 100 mL min-1 of liquid CO2 or 50 standard L min-1 of expanded
gas.The collection module is formed of 25-mL glass vials with sealed
caps and septa for recovery of the extracted products, and is provided
with micrometering valves and a flowmeter. Pressure and temperature
are controlled in the three modules to(3 bar and(0.5°C, respectively.
The CO2 flow rate is controlled to(0.47 g min-1. Caffeine and
theobromine contents were quantified by HPLC using a Shimadzu LC-
6A chromatograph (Kyoto, Japan) and a C18 column (4.6× 250 mm,
5 µm) ODS-Inertsil. Isocratic solvents composed of 40% methanol in
0.5% of acetic acid in water were used at a flow rate of 1 mL min-1

(7). The xanthines were identified by a UV detector at 280 nm, and
quantities were determined using a Chromjet integrator. Two chro-
matograms were made for each sample and the results were reproducible
to within 6%.

Experimental Procedure. For each experiment, one extraction
column was packed with a determined amount of ground particles of
the natural product (saturated with water until reaching a humidity of
40%) mixed with 30 g of 3-mm glass spheres. Glass wool was placed
at the two ends of the column to avoid any possible carry-over of solid

Figure 1. Microextraction plant: MV(1), micrometrical valve; EC(1), extraction column; GV(1), glass vial.

Extraction of Methylxanthines from Foods J. Agric. Food Chem., Vol. 50, No. 17, 2002 4821



material. In another extraction column, located upstream, 40 mL of
distilled water was used to allow for the saturation of the incoming
CO2 stream. When the desired temperature, as controlled by the oven,
was reached in both columns, CO2 was pumped to the water-containing
column and subsequently to the extraction column until reaching the
desired pressure. For experiments using ethanol/CO2 mixtures, CO2 and
ethanol were pumped to the extraction column at flow rates that allowed
the achievement of the desired ethanol concentration, until reaching
the selected extraction pressure.

Once equilibrium was reached, the solvent/solute mixture was
allowed to flow to the micrometering valve where the separation/
precipitation of the desired solute occurred as a result of pressure
reduction. After each experiment, the transfer lines were cleaned with
hot water and alcohol to ensure the total collection of all extracted
material. The alkaloid content was determined by HPLC.

RESULTS AND DISCUSSIONS

In Figure 2, the extraction curves of caffeine from a 3-g
sample of wet ground guaraná seeds using water-saturated CO2

at 40 and 70°C, for experiments conducted at 400 bar and CO2

flow rate of 5.7 g min-1, are presented on a nondimensional
basis to allow the comparison of data independent of the amount
of samples used for the extraction and as possible valuable
information in future scale-up studies. At 70°C, 31.7 g of
caffeine/kg of guaraná seeds were extracted using 55.9 kg of
CO2/kg guaraná. The quantity extracted reached 46.6 g caffeine/
kg guaraná (97% of the initial caffeine) in 210 min of extraction
(which corresponds to the use of 391.8 kg of CO2/kg guarana´).
For this same period of time (210 min), extraction at 40°C
resulted in a maximum removal of only 60.2% of the initial
caffeine in guaraná seeds (29.01 g caffeine/kg guarana´).

Extraction curves of caffeine from a 2-g sample of ground
maté leaves using supercritical water-saturated CO2 at a flow
rate of 5.7 g min-1 are presented inFigure 3. Similarly to that
observed in the extraction of caffeine from guaraná seeds, the
quantity of caffeine extracted increased with temperature. In a
period of 400 min (corresponding to the use of 1080 kg CO2/
kg maté leaves), 15.5 mg of caffeine (96% of initial content
that corresponds to 7.77 g caffeine/kg maté leaves) and 11.4
mg of caffeine (71%, that is 5.73 g caffeine/kg maté leaves)
were extracted at 70 and 40°C, respectively. The results shown
in Figures 2 and 3 also point clearly to the faster and more
efficient extraction of caffeine from guaraná seeds than from
maté tea leaves. Although there is no significant difference in
the plant matrixes involved, as both products are used in the
ground form, the ease or difficulty of extraction from these two

plants could be attributed to possible interference by other
constituents in each plant. Comparing the main components of
both matrixes, maté tea leaves contain chlorogenic acids (34)
while guaraná seeds do not (35). Chlorogenic acids can form a
complex with caffeine, shown to occur in the case of coffee
beans (19), making the extraction of caffeine from maté tea
leaves more difficult than extraction from guaraná seeds at the
same extraction conditions.

The extraction yields of theobromine from a 3-g sample of
cocoa beans at 400 bar and using a dry CO2 flow rate of 5.7 g
min-1 for the temperatures of 50 and 70°C are presented in
Figure 4. For these extractions, much longer periods of time
than those observed in the cases of guaraná seeds and maté
leaves were necessary for the extraction of theobromine from
cocoa beans. More than 380 min (684 kg CO2/kg cocoa beans)
were needed for the cumulative theobromine yields to reach 14
and 29% of theobromine content, that corresponds to 1.74 and
3.49 g theobromine/kg cocoa beans, at 50 and 70°C, respec-
tively. Although the solubility of caffeine in supercritical CO2

is at least twice that of theobromine (36), there are also
substantial amounts of fat components in cocoa beans which
could interfere with the extraction of theobromine from the plant
matrix.

The theobromine yields are similar to those obtained by
Sambarato (26), where only 20% of the initial theobromine
content in cocoa beans was removed using supercritical CO2 at
450 bar and 50°C. The positive effects of temperature on the
extraction of theobromine are also in qualitative agreement with
those of Sebald et al. (37).

Figure 2. Extraction of caffeine from 3 g of guaraná seeds at 400 bar
and 5.7 g min-1 water-saturated CO2. Total ) 48 g caffeine/kg guaraná
seeds.

Figure 3. Extraction of caffeine from 2 g of maté at 400 bar and 5.7 g
min-1 of water-saturated CO2. Total ) 8.1 g caffeine/kg maté tea leaves.

Figure 4. Extraction of theobromine from 3 g of cocoa beans at 400 bar
and 5.7 g min-1. Total ) 12.2 g theobromine/kg cocoa beans.
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In the extraction of the methylxanthines (caffeine and
theobromine) from the three different natural plants at 400 bar
(Figures 2-4), the increase in vapor pressure due to an increase
in temperature appeared to compensate for the decrease in
solubility caused by the decrease in solvent density, allowing
the extraction yield to increase with temperature. On the other
hand, caffeine extraction from guaraná seeds and maté tea leaves
using water-saturated CO2 at 100 bar (Figures 5and6) revealed
the retrograde behavior commonly encountered in supercritical
extraction systems (4, 33, 38-40). In this case the reduction of
solvent density, and thereby the solvent power, with increase
in temperature could not be overcome by the increased volatility
of the methylxanthines. This result is also in agreement with
the solubility values of 6.01× 10-4 and 1.11× 10-5 obtained
using the correlation of Lentz et al. (30) for caffeine in humid
CO2 at 100 bar and temperatures of 40 and 70°C, respectively.

Figures 7-9 show, respectively, the effect of pressure on
the extraction of caffeine from guaraná seeds, caffeine from
maté tea leaves, and theobromine from cocoa beans. An increase
in extraction yield with pressure was observed for both caffeine
and theobromine extractions. This incremental increase is more
pronounced when increasing pressure from 100 to 200 bar than
when increasing pressures from 200 to 400 bar as observed in
Figure 7. The effect of pressure, nevertheless, was quite large
and much greater than the effect of temperature for the
conditions considered in this study.

Extraction at 400 bar resulted in the removal of approximately
73 and 96% of the caffeine in the original guaraná seeds (35.2
and 46.1 g caffeine/kg guaraná) in the first 60 and 180 min of
operation using 108 and 324 kg CO2/kg guaraná, respectively.

At an extraction pressure of 200 bar, 29 and 60% of the initial
caffeine content, that corresponds to 14 and 28.7 g caffeine/kg
guaraná, were removed following 60 and 180 min of continuous
extraction, using 108 and 324 kg CO2/kg guaraná. For these
same extraction time periods, only 0.17 and 0.26% of the
original caffeine in seeds (0.08 and 0.12 g caffeine/kg guarana´)
were removed at 100 bar. This observed influence of pressure
on the amounts of caffeine extracted is consistent with the
solubility values of 1.11× 10-5, 5.27× 10-4, and 7.39× 10-4

obtained from Lentz et al. (30), and the values of 0.14× 10-6,
2.7× 10-5, and 10× 10-5 obtained from the linear portions of
our extraction curves for caffeine in wet CO2 at 70 °C and
pressures of 100, 200, and 400 bar, respectively.

Figure 5. Extraction of caffeine from 3 g of guaraná seeds at 100 bar
and 5.7 g min-1 of water-saturated CO2.

Figure 6. Extraction of caffeine from 2 g of maté leaves at 100 bar and
5.7 g min-1 of water-saturated CO2.

Figure 7. Extraction of caffeine from 3 g of guaraná seeds at 70 °C and
5.7 g min-1 of water-saturated CO2.

Figure 8. Extraction of caffeine from 2 g of maté tea leaves at 70 °C
and 5.7 g min-1 of water-saturated CO2.

Figure 9. Extraction of theobromine from 3 g of cocoa beans at 70 °C
and 5.7 g min-1 of dry CO2.
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This same effect of pressure can be shown in the extraction
of caffeine from maté leaves and theobromine from cocoa
leaves. Extraction yields of 0.08, 3.24, and 6.85 g caffeine/kg
maté leaves were obtained at 100, 200, and 400 bar, respectively,
when using 864 kg CO2/kg maté leaves. From cocoa beans,
1.48 and 2.65 g theobromine/kg cocoa beans were obtained with
the use of 396 kg CO2/kg cocoa beans at 200 and 400 bar,
respectively.

Figures 10-12 present the cumulative amounts of methyl-
xanthines extracted from the three natural products using two
different carbon dioxide/ethanol mixtures at 200 bar and 70°C.
The extraction curves show the influence of ethanol as a

cosolvent for supercritical carbon dioxide in the extraction of
methylxanthines from natural plants. The quantities of caffeine
and theobromine extracted at these conditions increased with
quantity of ethanol added, with this effect being more pro-
nounced at higher ethanol concentrations.

In the first 115 min of the extraction, it was possible to
remove approximately 54, 58, and 74% of the caffeine in the
original guaraná seeds (which corresponds to 26.03, 27.77, and
35.84 g caffeine/kg guaraná) using, respectively, 214.59 kg of
water-saturated CO2, 5% ethanol/95% CO2, and 10% ethanol/
90% CO2 mixtures per kg of guaraná seeds (Figure 10). A
similar behavior was observed for the extraction of caffeine from
maté tea leaves, as shown inFigure 11. In this case, the
modification of the solvent with different amounts of ethanol
resulted in the increase of the quantity of caffeine extracted from
approximately 41 to 75% of caffeine in the original leaves (that
is, 3.32 and 6.11 g caffeine/kg maté leaves) using 447.84 kg of
solvent/kg maté leaves. Whereas only 30% of the original
caffeine (2.46 g caffeine/kg maté leaves) was extracted using
water-saturated CO2, doubling the ethanol concentration resulted
in an increase in caffeine extraction that is roughly proportional
to the increase in the ethanol concentration.

Figure 12 shows the extraction curves for the theobromine
removal from ground cocoa beans using dry, water-saturated,
and ethanol/CO2 mixtures containing 5 and 10% ethanol. In a
period of 145 min (270.57 kg of solvent/kg cocoa beans), the
amounts of theobromine extracted when using dry CO2 and
water-saturated CO2 were about 10% of the theobromine
content. The use of dry and water-saturated CO2 in the extraction
of cocoa beans resulted in equally low theobromine yields
(Figure 12), in agreement with the findings of Li and Hartland
(31). The addition of ethanol to CO2 resulted in substantial
increase in the extraction of theobromine from ground cocoa
beans: 42 and 90% of the original theobromine content (5.15
and 10.98 g theobromine/kg cocoa beans) were removed using
5% ethanol/95% CO2 and 10% ethanol/90% CO2 mixtures,
respectively. The observed increase in quantity of theobromine
extracted from cocoa beans is in qualitative agreement with that
presented by Sebald et al. (37), at 90°C, using water-saturated
CO2 and ethanol as a cosolvent at the concentrations of 5.2,
6.8, and 9.5%, where 70, 89, and 97% of initial theobromine
were obtained, respectively.

The addition of a cosolvent generally results in an increase
in the quantity extracted and could possibly mean a reduction
of the pressure requirement for a particular extraction, which
could amount to substantial energy savings for the process in
question. In the extraction of 3.12 mg theobromine/kg cocoa
beans, for example, the pressure necessary for the extraction
would be reduced from 400 to 200 bar and the time could be
reduced from 300 to 125 min (or 540 to 233.25 kg CO2/kg cocoa
beans), with the use of 5% ethanol/95% CO2 mixture as
compared to water-saturated CO2. When using 10% ethanol/
90% CO2 mixture, only 45 min (83.97 kg of solvent/kg cocoa
beans) would be necessary to extract the same amount of
theobromine at the same pressure and temperature (Figure 12).
It is also important to note that the effect of the addition of
ethanol on the extraction of methylxanthines from the three plant
matrixes was not the same (Figures 10-12). The rate of
extraction was higher for cocoa beans, followed by maté tea
leaves and guaraná seeds, which could be attributed to cosol-
vency effects of cocoa butter in the presence of ethanol.

CONCLUSIONS

It was possible to successfully extract almost all of the initial
caffeine content in wet ground guaraná seeds and maté tea leaves

Figure 10. Extraction of caffeine from guaraná seeds at 200 bar, 70 °C,
and a CO2 flow rate of 5.7 g min-1. w.s.: water-saturated.

Figure 11. Extraction of caffeine from maté tea leaves at 200 bar, 70
°C, and a CO2 flow rate of 5.7 g min-1.

Figure 12. Extraction of theobromine from cocoa beans at 200 bar, 70
°C, and a CO2 flow rate of 5.7 g min-1.
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at 400 bar, 70°C, and using 5.7 g min-1 of water-saturated
supercritical CO2. At the same conditions of temperature,
pressure, and flow rate, only 29% of the original theobromine
content in cocoa beans was extracted using dry CO2. Extractions
at lower pressures or temperatures required additional time and
larger amounts of CO2 to achieve the same yield.

The results revealed large influence of temperature and
pressure on the supercritical extraction of methylxanthines from
these natural plants.

Relatively shorter extraction periods were observed for the
removal of caffeine from guaraná seeds as compared to those
for caffeine extraction from maté tea leaves, probably due to
the influence of other constituents such as chlorogenic acid in
the plant matrix.

Extractions of caffeine from guaraná seeds and maté tea
leaves at 100 bar exhibited a retrograde behavior for the two
temperatures considered in this work.

The use of ethanol as a cosolvent resulted in a large increase
in the amounts of methylxanthines extracted from each of the
plants considered. Increasing the concentration of ethanol in
the solvent mixture from 5 to 10% resulted in higher extracted
methyxanthines yields from guaraná seeds, maté tea leaves, and
cocoa beans. The quantity of caffeine extracted from ground
maté tea leaves and guaraná seeds using supercritical CO2 and
ethanol (10% in ethanol) was two times larger than that obtained
with water-saturated supercritical CO2, whereas the quantity of
theobromine extracted from ground cocoa beans using the same
solvent mixture was an order of magnitude higher than that
obtained with water-saturated CO2.

The use of small amounts of ethanol as a cosolvent could
have significant impact on the economic evaluation of super-
critical fluid extraction of methylxanthines from natural plants,
with the large decrease of pressure, and thereby energy
requirements, for the process.
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