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Abstract
Project code: MRG4780096

Project title: Subcritical Water Extraction of Anthraquinones from Roots of

Morinda citrifolia

Investigator Miss Artiwan Shotipruk
E-mail address: artiwan.sh@chula.ac.th
Project Period: July 1, 2003-June 30, 2005

Morinda citrifolia is a plant used in folk remedies that has recently gained
increased interest from scientific professionals. The roots of the plants contain
anthraquinones, which show several therapeutic effects. These include anti-bacterial,
anti-viral, and anti-cancer activities as well as analgesic effects. Conventionally, the
compound is extracted with ethanol, followed by evaporation. This could leave residual
solvents in the product. This study examines pressurized hot water extraction of
anthraquinones from dried roots of Morinda citrifolia (Noni). The effects of temperature
(110 °c, 170 °C and 220 °C), pressure, and water flow rate (2, 4, and 6 ml min'1) on

extraction yield and extraction rate were determined. Although water at ambient
condition could not extract anthraquinones due to high polarity the water (£€=80 at 25

°C), subcritical water has lower dielectric constant (€ =33, at 205 0). thus water could

effectively extract the compound at this condition. Based on our experiment, at 220 °c,
the extraction yield was the highest and was approximately 43.6 mg g'1. Subcritical

water extraction at 4 ml min" or higher was found to be able to recover all the

anthraquinones present in the roots within three hours of extraction even at 170 °c.
Pressure had no significant effect on the results for the range of temperatures studied.
The flow rate of 6 ml min" resulted in the highest extraction rate, but the extraction
efficiency was lower than that of 4 ml min ", Anthraquinones solubility in pressurized hot
water was determined. Moreover, the antioxidant activity of the subcritical water extract
was investigated and was found to be higher than that of the extracts obtained with
ultrasound assisted extraction. The activity was comparable to the extracts obtained
with microwave and soxhlet solvent extraction. In addition to this, we also determined
the solubility of anthraquinones at various subcritical water conditions and proposed a

mathematical model that describes the solubility.

Key words: Morinda citrifolia, extraction, subcritical water, anthraquinones, solubility
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2.2 siuera (Morinda Citrifolia)
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Pressurized Hot Water Extraction of Anthraquinones from the

Roots of Morinda citrifolia

Artiwan Shotipruk,*' Jirapat Kiatsongserm,’ Prasert Pavasant,’

Motonobu Goto,’ and Mitsuru Sasaki*

Department of Chemical Engineering, Chulalongkorn University, Patumwan, Payathai,
Bangkok 10330, Thailand, and Department of Applied Chemistry and Biochemistry,

Kumamoto University, Kumamoto 860-8555, Japan

This study examines pressurized hot water extraction of anthraquinones from dried
roots of Morinda citrifolia (Noni). The effects of various operating conditions such as
water temperature (110, 170, and 220 °C), and water flow rate (2, 4, and 6 mL min™')
on extraction yield and extraction rate were determined. At 220 °C, the extraction
yield was the highest and was approximately 43.6 mg g~!. Subcritical water extraction
at 4 mL min ! or higher was found to be able to recover all the antraquinones present
in the roots within 3 h of extraction, even at 170 °C. Pressure had no significant effect
on the results for the range of temperatures studied. The flow rate of 6 mL min !
resulted in the highest extraction rate, but the extraction efficiency, as measured by
the amount of anthraquinones extracted per unit volume of water was lower than
that of 4 mL min~!. Anthraquinones solubility in pressurized hot water was
determined. The results indicate a presence of a mass transfer limitation in the

extraction process from solid matrix.

Introduction

For a long time, Morinda citrifolia (Noni) has been
used in folk remedies to treat various kinds of diseases
and symptoms. Whole parts of the plants, which include
the fruits, leaves, bark, and roots have been shown to
contain various biologically active compounds. A number
of active components identified in the Noni plant are
scopoletin, octoanoic acid, potassium, vitamin C, terpe-
noids, alkaloids, linoleic acid, amino acids, and antraquino-
nes, to name a few (1). This work, however, focuses on
extraction of the roots for anthraquinones, which possess
several therapeutic properties. They include antibacte-
rial, antiviral, and anticancer activities, as well as
analgesic effects, which make the roots potentially useful
in several medical applications (2).

Conventionally, the compound is extracted with etha-
nol, followed by evaporation to separate solvent from the
product. This method, however, leaves residual solvent
in the product, which is unacceptable for use on humans.
More benign alternative solvents have recently been
investigated.

Recently, pressurized hot water or subcritical water
has become of great interest as an alternative solvent
for extraction of natural active compounds. Water is
termed “subcritical” when its temperature is between its
boiling point (100 °C) and its critical temperature (374.15
°C), and its pressure is high enough to maintain it in the
liquid state. In this region, water’s dielectric constant is
greatly reduced from that at ambient conditions, thereby
decreasing its polarity. This therefore results in an

* Corresponding author. Tel: 66-2-218-6868. Fax: 66-2-218-
6877. E-mail: artiwan.s@chula.ac.th.

* Chulalongkorn University.

1 Kumamoto University.

increase in its solvent power for organic compound
dissolution. Successful cases of pressurized hot water
extraction of natural product have been reported tor
essential oils from majoram (3), savory and peppermint
(4), and oregano (5). Other than essential oils, other
bioactive compounds, have been extracted by this tech-
nique. They are hypericin and pseudohypericin from St.
John’s wort (6), iridoid glycosides from Veronica lonifolia
(7), and kava lactones from kava roots (8). Despite its
operation at rather high temperature, subcritical water
has been shown to give extraction efficiency comparable
to conventional methods for some thermal labile com-
pounds, such as berberine from Coptidis rhizoma, gly-
cyrrhizin from Radix glycyrrhizae, and liquorice and
baicalein from Scutlellaiae radix (9). Moreover, Ollanketo
et al. reported that pressurized hot water extraction of
sage, Salvia officinalis L., was the most effective extrac-
tion procedure based on the capability of the extracts to
scavenge the free radical in vitro (10).

In this paper, we investigate subcritical water extrac-
tion of anthraquinones using alizarin or 1,2-dihydroxy-
anthraquinone (Figure 1) as a standard compound. The
objective of this study is to determine the effects of
extraction temperature and water flow rate on extraction
yield and rate of extraction. Furthermore, the solubility
of alizarin in subcritical water at various temperatures
was experimentally determined and discussed.

Materials and Methods

Plant Material and Chemicals. The roots of Noni
were obtained from the plants (M. citrifelia) that were
grown locally in Thailand. The plant roots were har-
vested, washed, and oven-dried at 313 K. The dried roots,
whose moisture content was about 20%, were ground in
a coffee grinder to small size. This method of sample
preparation yielded small needlelike particles with an

10.1021/bp049779x CCC: $27.50  © 2004 American Chemical Sociely and Amencan Institule of Chemical Engineers
Published on Web 10/05/2004
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Figure 1. Chemical formula of alizarin (1,2-dihydroxyan-
thraquinones).

average length of about 5 mm and an average width of
about 1 mm. Alizarin standard and HPLC-grade ethyl
alcohol used in the experiments were obtained from Wako
Chemicals,

Subcritical Water Extraction. A schematic diagram
of a subcritical water extraction apparatus is presented
in Figure 2. The system consists of two HPLC pumps (PU
980, JASCO), an oven, a stainless steel extraction vessel
(10 mL, Thar Design), and a collecting flask. Water was
purged for 2 h with nitrogen to remove dissolved oxygen
prior to the extraction. With the first HPLC pump, the
water was then delivered at a constant flow rate to the
extractor preloaded with 1 g of ground Noni roots. The
water was brought to a set temperature by means of the
preheating coil inside the oven before entering the
extractor. The extraction pressure was controlled by
adjusting the back-pressure regulator (AKICO) connected
to the outlet coil. A cooling water bath was used to cool
the extract from the oven to a constant temperature close
to 25 °C, thus avoiding losses of the products caused by
the hot water. The second pump connected to the outlet
coil was used to deliver ethyl alcchol to flush through
any organic compounds that were precipitated in the coil
as the temperature of the water was cooled. The extract
was collected in fractions in collecting flasks. The extrac-
tion experiments were carried out to determine the effect
of temperature, pressure, and water flow rate. The
temperatures studied were 110, 170, and 220 °C, respec-
tively. The flow rates used were 2, 4, and 6 mL/min. All
runs were performed at least in duplicate. Any doubtful
results were checked and the experiments were repeated
up to four times.

Organic Solvent Extraction. To determine the
amount of anthraquinones remaining in the plant ma-
terials after each subcritical water extraction, solvent
extraction with ethanol was carried out. The root residue
was taken out of the extractor and placed into a 125 mL
Erlenmeyer flask, containing 20 mL of ethyl alcohol. It
was then allowed to release the products into the solvent
overnight. The solution was then replaced with 20 mL
of fresh ethanol daily for 3 days. The concentration of
the total ethanol extract was then measured by means
of a spectrophotometer.

Solubility Determination. The solubility of alizarin
in subcritical water was determined using the same
apparatus used for subcritical water extraction. Instead
of the root materials, 0.5 g of alizarin standard was
loaded into the extractor. The water flow rate used in
these experiments was 0.4 mL/min. This flow rate was
slow enough to ensure that equilibrium was obtained.
The solubility of alizarin was experimentally determined
as described for the same water temperatures used in
the extraction experiment, at 383, 443, and 493 °C. The
equilibrium concentrations of the alizarin sclutions were
measured using a spectrophotometer (Genesys 20).

Analysis Method. The analysis method for determin-
ing the amount of anthraquinones was modified from
that described by Zenk et al. (11). Because antraquinones
in the extract may not be in soluble form in ambient
water after it exits the extraction system, ethanol was
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Figure 2. Schematic diagram of the subcritical water extrac-
tion apparatus.

added to the extract to keep the compound dissolved in
the solvent mixture. The ratio of 1:4 (ethanol:water) was
determined to be appropriate, as this is the amount of
ethanol that was just sufficient to keep the extract
soluble. The concentrations of these solutions were
analyzed spectrophotometrically by measuring the ab-
sorbance at 435 nm, with Alizarin or 1,2-dihydroxyan-
thraquinone as a standard, and with ethanol/water (1:4
v/v) as a reference.

Results and Discussion

Preliminary Results. The release of anthraquinones
from the roots can be seen readily by observing the yellow
color of the extracts. Figure 3 shows the extracts obtained
from extraction with ambient water, subcritical water,
and ambient ethanol, respectively. As shown here, sub-
critical water shows a positive result as the extract
appears yellow compared to the ambient water extrac-
tion. This is expected, because the increase in water
temperature increases the solubility of the dissolve
organic compound.

Because the subcritical water extraction is generally
carried out at high temperatures, a preliminary check
for any chemical decomposition was conducted with
alizarin standard that has been exposed to high temper-
atures. Figure 4 shows the light absorption curves of
alizarin-in-ethanol solutions, prepared from alizarin that
had been exposed to 170 and 220 °C for 2 h, as compared
to control standard, which was not exposed to high
temperature. The result indicates that the chemical com-
position of alizarin might not change after the exposures.
More detailed analysis on possible decomposition of the
compound as a result of high temperatures such as tests
for antioxidant and other biological activities are cur-
rently underway.

Effect of Extraction Temperatures. As shown in
Figure 5, the amount of anthraquinones extracted in-
creased with an increase in temperature. The yield of
anthraquinones extracted with subcritical water at 110,
170, and 220 °C were 20.8, 40.1, and 43.6 mg g~! of dry
roots, respectively. This temperature dependence of the
yield is due to the increased solubility of anthraquinones
in subcritical water as the water temperature increases.
This result suggests that pressurized hot water extrac-
tion is greatly affected by extraction temperature. On the
other hand, it should be noted that pressure does not
affect the performance of subcritical water extraction as
long as it is high enough for the water to maintain the
liquid state.

Effect of Water Flow Rate. Generally, the plots of
the amount of anthraquinones extracted versus time and
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Figure 3. Comparison of anthraquinones cxtracted with (a)
water at Tym and Py, (b) subceritical water at 7= 170 °C, P =
7 MPa, and (¢) ethanol at Ty and Py,
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Figure 4. Spectrophotometric scan of alizarin exposed to high
temperatures for 2 h: control at 25 °C (solid line), 170 °C
(dashed line), and 220 °C (dotted line).
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Figure 5. Effect of extraction temperature on the extraction
curve.

versus solvent volume can give kinetic information about
the relative importance of the steps in the extraction
process. Typically, possible rate-liming steps include (a)
diffusion through a stagnant liquid film around the solid
plant particles or external diffusion, (b) transport through
the containing matrix by diffusion though the bulk
material or down its pores, and (c) removal by partition-
ing into the flowing solvent. The effect of the first is
typically small and often neglected. If the diffusion
through plant material is limited, the rate of extraction
is independent of the flow rate and the amount of extract
should be higher for the same volume of solvent passed
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Figure 6. Effect of water flow rates on the extraction curve:
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when extraction occurs at lower flow rates. On the other
hand, if the last of the three steps is a rate-determining
step, the rate of extraction is proportional to flow rate,
and if the amount extracted is plotted against the amount
of solvent passed, the results for different flow rates fall
on the same curve.

The plots of the amount of anthraquinones extracted
by subecritical water extraction versus time and water
flow rate are shown in Figure 6. As can be seen from
Figure 6a, the amount extracted increases as the flow
rate increases. When plotted against the volume of water
passed as in Figure 6b, it was found that for the same
amount of water passed, the amount of antraquinones
extracted was higher for lower flow rates. This suggests
certain degree of mass diffusion limitation. The result,
however, does not correspond strictly to any one of the
cases mentioned above. Therefore, it cannot be concluded
from this result that extraction is exclusively mass
diffusion limited. This is because the mechanism of mass
transfer in natural materials is in general quite complex,
and more experimental data are required to further
explain the extraction mechanism.

Solubility of Alizarin in Subcritical Water. Figure
7 shows that the solubility of alizarin in subcritical water
increases as the extraction temperature increases. Plot-
ted on the same figure, the maximum extracted concen-
trations obtained from extraction run at 4 mL min~! were
compared with the solubility data. It was found that at
the low temperature of 110 °C, the extracted concentra-
tion was close to the solubility. Thus, at this temperature,
the extraction is limited by solubility. However, for the
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Figure 7. Solubility of alizarin in subcritical water.

temperatures of 170 and 220 °C, the maximum concen-
trations were much lower than the values of solubility.
From this result, it can be concluded that mass transfer
influences the extraction process at these temperatures,
due to the solubility increase. The single data point on
the graph is the maximum extract concentration result-
ing from the extraction at 170 °C at low flow rate of 2
mL min™}, which was closer to the value of solubility. At
this lower flow rate, the mass transfer problem was
minimized and the extraction was conducted closer to
equilibrium.

Conclusions

This study investigates the effect of extraction tem-
perature, pressure, and water flow rate on extraction
yield and rate of extraction. The results show that
extraction yield increases as the temperature increases
as a result of increased solubility, but on the other hand,
the pressure does not affect the extraction yield. The plots
of the amount extracted versus time and versus volume
for various flow rates suggest that mass diffusion play a
role in extraction, but the mechanism is still not clear.
Finally, the solubility of alizarin in subcritical water
increases with increasing temperature, and the lower
extracted concentrations as compared to antraquinones
solubility data supports the previous conclusion about the
importance of mass transfer limitation in this subcritical
water extraction process.
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Abstract

This study investigated the use of ultrasound-assisted extraction (UAE) to improve the extraction efficiency of the classical solvent
extraction techniques such as maceration and soxhlet extraction to extract anti-oxidant activity compounds, anthraquinones, from
the root of Morinda citrifolia. The effects of different extraction conditions were determined, i.e., temperature of (25, 45, 60 °C), ultra-
sonic power, solvent types, and compositions of ethanol in ethanol-water mixtures. The results show that the yield increases with increas-
ing extraction times and extraction temperatures. The percent recovery of anthraquinones using ultrasound was found to be highly
dependent on the type of solvents (acetone > acetonitrile > methanol > ethanol). Furthermore, the use of ethanol-water solution as
extraction solvent increased the yield of anthraquinones due to the relative polarity, the swelling effect of plant tissue matrix by water,
and increased sound absorption. To achieve the same recovery as that achieved by UAE, soxhlet extraction and maceration required

much longer time.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Ultrasound; Extraction; Morinda citrifolia; Anthraquinones; UAE

1. Introduction

Morinda citrifolia (Noni), a plant which has been used in
folk remedies for over 2000 years, has recently gained

increased interest from the scientists and medical profes-.

sionals. The true health benefits of these remedies are being
investigated widely. All parts of the plants, which include
the fruits, the leaves, the bark, and the roots have been
shown to contain active compounds that have high medic-
inal values. Wang et al. [1] has recently published a review
of Noni research, which summarizes the therapeutic effects
of various compounds in this plant. Noni fruits and leaves
are edible and have been used as a food and in herbal rem-
edies to maintain overall health and to treat various dis-
eases. The roots of Noni plants were used by Polynesians
to produce yellow or red dye, but more importantly, they

* Corresponding author. Tel.: +662 218 6868; fax: -+662 218 6877.
E-mail address: artiwan.s@chula.ac.th (A. Shotipruk).

1350-4177/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ultsonch.2005.09.009

contain medicinally active components, anthraquinones,
which show several therapeutic effects. These include
anti-bacterial, anti-viral, and anti-cancer activities as well
as analgesic effects, which make the roots potentially useful
in several medical applications [2,3]. However, making use
of the roots is unlike making use of the fruits or the leaves.
When the roots are harvested, the entire plants are gener-
ally destroyed, thus no longer offer medicinal value there-
after. It is therefore important that the most efficient
extraction methods be utilized.

Recent studies have shown that ultrasound-assisted
extraction (UAE) enhances the extraction efficiency by
increasing the yield and by shortening the time of extrac-
tion of secondary metabolites from various plant tissues,
such as excised leaves of tea, mint, sage, chamomile, gin-
seng, arnica, and gentian (4-8). These studies demonstrated
that ultrasound is capable of accelerating the extraction of
organic compounds contained within the plant tissues by
disrupting the cell walls and enhancing mass transfer of cell
contents. The review of ultrasonic isolation of bioactive
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compounds from plant materials can be found in a recent
paper by Vinatoru et al. [9].

The enhancement of extraction efliciency of organic
compounds by ultrasound is attributed to the pheno-
menon called acoustic cavitation. As ultrasound passes
through a liquid, the expansion cycles exert negative
pressure on the liquid, pulling the molecules away from
one another. If the ultrasound intensity is sufficient, the
expansion cycle can create cavities or micro-bubbles in
the liquid. This occurs when the negative pressure exceeds
the local tensile strength of the liquid, which varies with
the type and purity of the liquid. Once formed, these bub-
bles will absorb the energy from the sound waves and
grow during the expansion cycles and recompress during
the compression cycle. The increase in pressure and tem-
perature caused by the compression leads to the collapse
of the bubbles, which causes shock wave that passes
through the solvent, enhancing the mass transfer within
the system [10-12].

Even though the effects of ultrasound have been studied
in over hundreds of herbal species, to the author’s knowl-
edge, its effect on the UAE of this important plant, M. citri-
folia, has not been investigated. The aim of this study was
therefore to determine the extraction efficiency of anthra-
quinones from the roots of M. citrifolia by means of con-
ventional ethanol extraction per se as compared with
UAE. We specifically investigate the effects of times of
ultrasonic treatment, temperature, ultrasonic power, and
type and compositions of solvents on the release of
anthraquinones.

2. Materials and methods
2.1. Plant materials

Fresh roots of M. citrifolia were harvested, washed, and
ground in liquid nitrogen to an average size of 0.2 pm in
diameter. The ground samples were oven dried at 45 °C,
and then kept in a dry place until use.

2.2. Maceration

The roots of M. citrifolia (0.1 g) was extracted in 10 ml
of organic solvent in a 125 ml flask. The extract was then
filtered with a filter paper (Whatman No.1). The concentra-
tion of anthraquinones was measured by a spectrophoto-
meter. After extraction, the amount of anthraquinones
remained in the sample residue was determined by extract-
ing the residue repeatedly in three 10 ml volumes of solvent
untif the extract was clear.

2.3. Soxhlet extraction

A classical soxhlet apparatus was employed in which 2 g
of sample was placed into the cartridge with 200 ml of sol-
vent (ethanol) contained in a 500 ml round-bottom flask.
Extraction was carried out for up to 4 h.

24. UAE

For the UAE experiments, an ultrasonic bath was used
as an ultrasound source. The bath, 275DAE (Crest
Ultrasonics, USA), was basically a rectangular container
(23.5ecmx 13.3cm x 10.2cm), to which two 38.5kHz
transducers were annealed at the bottom. The bath power
rating was 270 W on the scale of 0-9. The actual electrical
power to the transducers was measured using a wattmeter
(Energycheck 3000, Germany, a kind gift from Professor
Eshtiagi), to be 15.7, 39.7, and 56.1 W, respectively for
the setting of 3, 6, and 9 tested in this study. The extraction
of anthraquinones was performed by adding 0.1g of
ground dried roots into 10 ml of solvent in a 28 ml tube.
The tube was then partially immersed into the ultrasonic
bath, which contains 2.2 1 of water. The bottom of the flask
was =5 cm above the bottom of the bath. The solvent sur-
face in the flask was kept at the level of the water in the
ultrasonic bath. Water in the ultrasonic bath was circulated
and regulated at constant desired temperatures to avoid the
water temperature rise, caused by ultrasonic exposure.
After extraction, the amount of anthraquinones remained
in the sample residue was determined by extracting the res-
idue repeatedly in three 10 ml volumes of solvent or until
the extract was clear. Table 1 summarizes the ranges of
variables investigated, within which anthraquinones were
checked not to decompose by ultrasound. All the experi-
ments in this study were performed in triplicate.

2.5. Measurement of anthraquinones concentration

The concentrations of anthraquinones extracts were ana-
lyzed by measuring the absorbance at 435 nm, following the
spectroscopic method modified from Zenk et al. [13]. A
calibration curves of Alizarin (or 1,2-dihydroxyanthraqui-
none) solutions in various solvents were used as reference.

3. Results and discussion

3.1. Effect of ultrasonication and its duration
on extraction

Fig. 1 shows the effects of ultrasonication and its dura-
tions (15, 30, 45, 60, and 90 min) on the release of anthra-
quinones. The experiments were carried out at 25 °C and at
the power of 15.7 W. The control experiments were per-
formed using maceration without ultrasonic exposure at

Table |

Ranges of experimental variables

Variables Ranges

Temperature 25, 4S8, 60 °C

Power setting 3,6,9

Type of solvent Ethanol, methanol, acetone, acetonitrile
Ethanol composition (%) 20, 50, 80

Time (min) 15, 30, 45, 60, 90
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Fig. 1. Effect of ultrasonication and its duration on extraction at 25 °C.

the same temperature. Compared with maceration, UAE
was found to enhance the extraction yield. This was due
to the cavitational effects, which caused the intensification
of mass transfer and thus closed interaction between the
solvent and the plant tissues. The collapse of cavitation
bubbles near tissue surfaces produces micro-jets, causing
tissue disruption and a good penetration of the solvent into
the tissue matrix [14]. As illustrated in the figure, the per-
cent recovery increased with increasing duration of ultra-
sonic treatment as the contact time between liquid and
solid plant materials was increased. The rate of anthraqui-
nones extraction was high, during the first 15 min, and then
decreased considerably thereafter. A reason for this was
due to the large difference between the initial anthraqui-
nones concentration of the extraction solvent and its solu-
bility. Another reason for the initially high rate could be
that anthraquinones located in the outer region of particle
was more readily accessible than that in the inner part in
which the plant tissues were more intact. The extraction
from the outer part was attributed to external mass trans-
fer, which in this case was convective since fluid motion
was provided as a result of ultrasonic cavitation. At later
time, anthraquinones from the inner part of the root parti-
cles must diffuse through the pores of the root materials,
resulting in much slower extraction rate. The results in
Fig. 1 also show that the application of ultrasound
increased the extraction rate only in the first 15 min. The
rate thereafter was similar to that of maceration. This sug-
gests that ultrasound was needed only at the beginning to
initialize the fast extraction process.

3.2. Effect of extraction temperature

The effect of UAE temperature on the release of anthra-
quinones is shown in Fig. 2. The comparison shown in this
figure was made for extractions in ethanol at a power of
15.7 W at different temperatures: 25 °C, 45 °C, and 60 °C.
Again, in all cases, the product was rapidly released within
the first 15 min, after which the release rate decreased. The
percent recovery was found to increase with increasing
temperature due to the increased solubility of anthraqui-
nones in ethanol. In addition, at higher temperature, the
liquid viscosity and density decreased, and thus resulting
in increased mass transfer. Furthermore, as a result of
decreased solvent viscosity, cavitation bubbles within the

70
60 -
50 -
40 1 —+—25°C
30
20
10 1

Recovery (%)

—r- T T T T

0 15 30 45 60 75 90 105
Time (min)

Fig. 2. Effect of extraction temperature for UAE in ethanol at power of
15.7W.

fluid occurred more easily as the cohesive force, and thus
the tensile strength of the liquid was reduced [10-12].

3.3. Effect of type of solvents

The effect of type of solvents on UAE of anthraquinones
was determined for four commonly used solvents: acetone,
ethanol, methanol, and acetonitrile. The UAE experiments
were conducted at 25 °C and at the power of 15.7 W for
45 min and the results were compared with maceration at
the same temperature as shown in Fig. 3. The choice of sol-
vents used was made based on their polarity relative to
anthraquinones. Because anthraquinones are slightly polar
compounds, polar solvents were selected. Of these solvents,
ethanol and acetone are acceptable for practical use as they
were in compliance with good manufacturing practice
(GMP). Other GMP solvents such as propane, butane,
butyl acetate, ethyl acetate were not used due to the low
solubility of the compounds in these solvents. Although
methanol and acetonitrile are considered toxic solvents,
they provide an insight into the effect of solvent properties
in extraction.

As seen in the figure, for the case of maceration without
ultrasonic irradiation, acetone gave the highest percent

recovery, followed by methanol, ethanol, and acetonitrile.

The different extraction efficiencies of these solvents are
attributed to their differing polarities and viscosities. The
values for certain properties of the solvents used in this
study are listed in Table 2. Note that although the polarity
indices of acetone, methanol, and ethanol are similar, ace-
tone shares the most structural similarity with anthraqui-

60 v i
50 4 0O Maceration

40 m UAE

30 1
20 -
10+
04

Recovery (%)

acetone methanol ethanol  acetonitrile

Fig. 3. Efect of type of solvents for maceration and UAE at 25 °C.
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Table 2
Properties of solvent used in UAE (at 25 °C)

Table 3
Percent increase in anthraquinones recovery by UAE

Type of solvents Polarity Surface Vapor Viscosity

index tension pressure (cP)
(mN/cm) (mmHg)

Acetone 5.1 23.7 229.52 0.32

Methanol s.1 22.6 127.05 0.6

Ethanol 5.2 23.7 59.02 1.2

Acetonitrile 5.8 19.1 88.47 0.38

Water 9 72.8 23.8 0.89

nones in that both molecules contain the C=0 functional
groups. This probably explains why acetone gave the high-
est extraction efficiency. Furthermore, acetone has the low-
est viscosity, which allows it to easily diffuse into the root
matrix. Acetonitrile on the other hand has the lowest vis-
cosity among the three solvents, but gave the lowest extrac-
tion efficiency. This could be due to the fact that the
molecular structure of acetonitrile is most different from
that of anthraquinones resulting in the lowest solubility
compared with the other solvents.

When ultrasound was applied, acetone still extracted the
highest percentage of anthraquinones, followed by aceto-
nitrile, methanol, and ethanol. The results in Fig. 3 reveals
that the extraction efficiency could generally be enhanced,
by application of ultrasound, however the degree of
enhancement differed depending on the type of solvent.
As seen here, there was almost no increase in the extraction
efficiency as a result of ultrasound for extraction in acetone
and methanol. However, for ethanol and acetonitrile, the
increase in the efficiency of extraction was significant. This
was due to the influence of solvent properties on the occur-
rence and the intensity of cavitation. The solvent properties
that impact the behavior of ultrasonic cavitation include
vapor pressure, viscosities, and surface tension. Of these
properties, medium vapor pressure is known to be most
conducive to ultrasound activity {14]. Ultrasonication in
low vapor pressure liquid produces few cavitational
bubbles as a result of high cavitation threshold, however,

the bubbles implode with relatively greater force, which

enhances plant tissue disruption during extraction. High
vapor pressure liquid on the other hand is not very effec-
tive—more bubbles are created, but they collapse with less
intensity due to a smaller internal/external pressure differ-
ential. As for the influence of liquid viscosity, acoustic cav-
itation occurs more easily in the liquid with low viscosity
because the ultrasonic intensity applied could more easily
exceed the molecular forces of the liquid. Furthermore,
the liquid with low viscosity has low density and high dif-
fusivity, and can easily able to diffuse into the pores of
the plant materials [14]. Surface tension of liquid also influ-
ences cavitational effects. Liquid having small surface ten-
sion requires lower energy to produce cavitation bubbles,
thus cavitation occurs more readily. The values for vapor
pressure, viscosity, and surface tension at ambient temper-
ature for the solvents tested in this study are summarized in
Table 2. Acetone, methanol, and ethanol have similar sur-

Type of solvent  Recovery with Recovery with  Increase in
maceration (%)  UAE (%) percent recovery
Acetone 51.94 4 0.04 52.78 £+ 3.95 0.84 +3.95
Methanol 46.68 +0.71 4771 £1.23 1.03 £ 1.42
Ethanol 34.81 +0.62 4217 £0.11 7.36 £ 0.63
Acetonitrile 27.87+2.36 48.92 + 1.93 21.05 £+ 3.05

face tensions, but differing vapor pressures and viscosities.
Although acetone and methanol have low viscosity, which
makes cavitation occurs easily, they have high vapor pres-
sure thus resulting in less violent cavitational collapses—
more bubbles may be created, but they collapse with less
intensity. Of all the solvents tested, the increase in the
extraction efficiency of acetonitrile was found to be the
greatest possibly because of its relatively low viscosity
and surface tension. This increased the number cavitation
bubbles, whose collapses were further intensified as a result
of its relatively low vapor pressure. The effect of vapor
pressure was also evident for the case of ethanol. Although
ethanol has high viscosity, the intensity of cavitational
collapses was violent due to its low vapor pressure.
Summarized in Table 3 is the percent increase in anthra-
quinones recovery as a result of ultrasonication in various
solvents. It is clear that ultrasonication could enhance the
extraction efficiency to the greatest extent in acetonitrile,
followed by that in ethanol. However, acetonitrile is a
highly toxic solvent, we therefore selected ethanol as
extraction solvent for the subsequent investigation.

3.4. Effect of ultrasonic power

The effect of ultrasonic power was determinec at 25 °C
after 45 min of ultrasonic treatment. The results are shown
in Fig. 4 which illustrates that the product recovery was
increased with increasing ultrasonic power. An explanation
for this is that the larger the amplitude of ultrasound wave
traveling through a mass medium, the more violently the
bubbles collapse. However, an increase in the extraction
efficiency were not pronounced, possibly because only a
small fraction of the electric energy to the transducer actu-
ally entered the extraction solvent in this ultrasonic bath
system. For example, based on a calorimetric estimation
for a 45 min irradiation at 15.7 W, only 56.8 J of 42kJ of
electrical energy was transferred into the 10 ml of ethanol.
The rest was absorbed by the water in the bath and the
sides of the metal bath. For this reason, ultrasonic power
is not the key factor affecting the extraction efficiency in
this case. The findings here therefore demonstrate that
more efficient design of ultrasonic equipment is required
for this specific application.

3.5. Effect of ethanol-water compositions

The effects of ethanol compositions on the anthraqui-
nones recovery obtained after 45 min of maceration and
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Fig. 4. Effect of ultrasonic power at 25 °C for 45 min duration.

UAE atambient temperature are shown in Fig. 5. Let uscon-
sider first the maceration without ultrasonic irradiation,
whose results demonstrate that the improvement of extrac-
tion efficiency observed with the addition of some amount
of water. The percent product recovery increased with
increasing percentage of water up to 50%. This was probably
due to the relative polarity and the increase in effective swell-
ing of the plant by water, which helped increase the surface
area for solute—solvent contact [15]. Furthermore, the pres-
ence of water lowers the mixture viscosity, thus mass transfer
was improved. At higher water concentration as in 20%
ethanol however, the product recovery was the lowest
because high content of water increased the mixture polarity
to the degree that it no longer was favorable for extraction of
anthraquinones.

When ultrasound (power 15.7 W, at 25 °C) was applied,
extraction efficiency could generally be improved due to the
effect of ultrasonic cavitation. The same trend was resulted
as with maceration in which the extraction efficiency
increased with the amount of water added until up to
50%. In the presence of water, the intensity of ultrasonic
cavitation in the solvent mixture was also increased as
the surface tension increased and the viscosity and the
vapor pressure decreased [16]. Beside the cavitational
effects, the increase in anthraquinones recovery could be
explained by the sound absorption property by ethanol-
water mixture. It is well established that absorption of
sound in ethanol-water mixture increases with ethanol
concentration up to 50%, after which it starts to decrease.
In addition to these reasons, ultrasound has been shown
to facilitate the hydration processes of dried materials

2]
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B UAE

Recovery (%)
B [o2]
[ o

n
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80% 50% 20%
% Ethanol in water

o

100%

Fig. 5. Effect of ethanol compositions on extraction efficiency for
maceration and UAE.

Table 4
Comparison of percent recovery and extraction times for each method

Methods Time  Temperature Type of solvent Recovery
(%)
Maceration 3 days Ambient EtOH 63.33 £ 2.73
Soxhlet 4h Boiling point EtOH 97.74 £ 0.31
UAE 60 min 60 °C EtOH 66.43 + 0.48
UAE 60 min 60 °C EtOH:water (50:50) 95.72 + 0.53
UAE 60 min 60 °C EtOH:water (80:20) 95.07 4 1.49

which cause the plant materials to swell more readily. This
rehydration was important to help regain the capacity of
diffusion and osmosis that had been lost as a result of tissue
desiccation that occurs during the drying process [10].
Despite, the high vapor pressure, surface tension, and
low viscosity, no enhancement in extraction efficiency was
observed when UAE was carried out in the mixture of
20% ethanol. This could be reasonably explained by the
increased production of free radicals from the ultrasound
dissociation of water. In the presence of these high energy
species, oxidative reactions could cohabit with the extrac-
tion reactions [17].

3.6. Comparison of ultrasound-assisted extraction and
conventional methods

The efficiency of extraction using ultrasound was com-
pared with that of other classical methods. Table 4 summa-
rizes the results. At the extraction temperature of 60 °C
ultrasound with pure ethanol for 60 min gave the percent
recovery of ~65%. This was comparable to that resulted
from maceration in pure ethanol at room temperature for
3 days. Clearly, by reducing the time required for extrac-
tion, UAE was proven to be a promising method that offers
improved extraction efficiency. Soxhlet extraction for 4 h in
ethanol was able to give higher yields than UAE at 60 °C as
the extraction was carried out at the temperature closed to
the boiling point of ethanol. The plant tissues were also

continuously extracted with the fresh condensed solvent

for extended time period, while UAEs on the other hand
were conducted in a batch system. Nevertheless, using
80% ethanol as solvent in UAE could increase the percent
recovery up to =96%, which was comparable to using
soxhlet extraction in pure ethanol, but with shorter extrac-
tion time required.

4. Conclusions

UAE offers a promising alternative for efficient extrac-
tion of anthraquinones from the roots of M. citrifolia.
The main mechanism for enhanced recovery anthraqui-
nones with ultrasound-assisted extraction was acoustic cav-
itation, a phenomenon occurring in liquid medium under
the influence of ultrasound which causes the root tissue dis-
ruption, thus enhancing the mass transfer of the solute into
the solvents. The percent recovery of anthraquinones
increased with increasing extraction time, temperature,
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and ultrasonic power, and was affected considerably by the
type and composition of solvents used.
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Abstract

The effectiveness of pressurized hot water extraction (PHWE) of anthraquinones from Morinda citrifolia was evaluated by determining the
:apability of the extracts to scavenge the free radical 1,1-diphenyl-2-picrylhydrazyl (DPPH) in vitro, as compared with the extracts obtained by
sther conventional extraction methods such as ethanol extraction in stirred vessel, Soxhlet extraction, and ultrasound-assisted extraction (UAE).
t was found that PHWE and solvent extraction with Soxhlet resulted in extracts that have the highest antioxidant activity. In addition, PHWE
:ould recover similar amount of anthraquinones, compared with Soxhlet extraction, and is therefore proven to be a promising benign alternative
o organic solvent extraction. In addition, the solubility of anthraquinones in pressurized hot water was determined and mathematically modeled.

© 2006 Published by Elsevier B.V.
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l. Introduction

Morinda citrifolia (Noni), a plant originated in tropical Asia
1as, during the past decades, been gaining special interest as a
source of natural medicines. Different parts of the plants, which
nclude fruits, leaves, bark, and roots, have been shown to contain
various biologically active compounds [1]. Some of the active
components identified in the plant are terpenoids, alkaloids, and
anthraquinones, to name a few {1]. Of particular interest in this
study, is anthraquinones extracted from the roots, which has been
found to possess several therapeutic properties including anti-
viral [2,3], anti-bacterial [4,5], as well as anti-cancer activities
[6,7]. The antioxidant activity of the extracts derived from M.
citrifolia was confirmed to contribute to the therapeutic proper-
ties of these compounds [8].

Conventionally, isolation of plant derived compounds
involves extraction with organic solvent either with magnetic
stirrer or by using Soxhlet apparatus. A more benign solvent

* Presented at International Symposium of Supercritical Fluids (ISSF 2005),
Orlando, FL, USA (May 1-5, 2005).
* Corresponding author. Tel.: +66 2 218 6868; fax: +66 2 218 6877.
E-mail address: astiwan.s@chula.acth (A. Shotipruk).

0896-8446/$ — see front matter © 2006 Published by Elsevier B.V.
doi:10.1016/j.supflu.2005.12.013

such as supercritical carbon dioxide has recently been investi-
gated for extraction of several active compounds from natural
materials. However, it is not appropriate solvent for extraction
of relatively polar compounds such as anthraquinones. A small
amount of polar cosolvent such as ethanol could be added to
supercritical carbon dioxide to increase its polarity, however,
the solvent must further be removed. Alternatively, pressurized
hot water (PHW) has recently been investigated for extraction
of various plant secondary metabolites. These include essential
oils from various plants such as majoram {9}, savory and pep-
permint {10}, and oregano {11]. Extraction of other compounds
including hypericin and pseudohypericin from St. John’s wort

-[12},-iridoid glycosides from Veronica lonifolia [13], and kava

lactones from kava roots [14] were also investigated.

The present study follows the previous report [15], in which
the feasibility of using PHW was investigated for extraction of
anthraquinones from the roots of M. citrifolia as an alternative
for the conventional solvent extraction with ethanol. The term
“pressurized hot water” or “subcritical water” refers to water
at the temperatures between its boiling temperature (373.15K)
and its critical temperature (547.3 K), and at the pressure high
enough to maintain it in the liquid state. At such conditions,
water dielectric constant decreases, and thereby decreasing its
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Fig. 1. Schematic diagram of PHWE apparatus.

polarity. As a result, the solubility of organic compounds in
subcritical water increases.

In the previous study [15], the effects of water temperature
and flow rate were investigated on the amount of anthraquinones
extracted. However, because of the operation at rather high
temperature, care must be taken to ensure that the quality, i.e.
biological activity, is not lost during the process. As a result, the
objective of this study was to determine the antioxidant activity
of anthraquinones extracted with PHW and compare it with that
of the extracts obtained by other conventional solvent extrac-
tion methods such as extraction in ethanol with magnetic stirrer,
ultrasound-assisted extraction (UAE), and Soxhlet extraction.
Furthermore, the solubility of anthraquinones in PHW was deter-
mined using a static method and compared with the values
obtained using a dynamic method found in the previous study
{15]. In addition, a mathematical model describing the solubil-
ity as a function of temperature was proposed. Lastly, extraction
curves for PHWE at different temperatures and water flow rates
were obtained and PHWE was compared to different solvent
extraction methods.

2. Materials and methods
2.1. Plant material and chemicals

The roots of Noni were obtained from the plants (M. cit-
rifolia) that were grown locally in Thailand. The plant roots
were harvested, washed, oven dried at 313K, and then ground
to small size in a mortar in liquid Nj. This preparation gives
small spherical particles whose average diameter was 2 mm,
measured by a particle size analyzer (Beckman Coulter Model
1L.S230, Fullerton, CA, USA). Alizarin standard, 1,1-diphenyl-2-
picrylhydrazyl (DPPH), and HPL.C-grade ethyl alcohol used in
the experiments were obtained from Wako Chemicals, Chuo-ku,
Osaka, Japan.

2.2. PHWE

A schematic diagram of a PHWE apparatus is presented
in Fig. 1. The system consists of two HPLC pumps (PU 980,
JASCO, Easton, MD, USA), an oven, a stainless steel extraction
vessel (10 mL, Thar Design, Pittsburg, PA, USA), and a collect-

ing flask. Water was pumped by the first HPLC pump and passed
through a degassing unit to rid air bubbles that could cause the
flow to stop. The water was delivered at a constant flow rate to
the extractor preloaded with 0.5 g of ground Noni roots, with 1-
mum glass beads loaded to avoid the dead volume and to disperse
the plant sample. The water was brought to a set temperature
by means of the preheating coil inside the oven before entering
the extractor. The extraction pressure (4 MPa) was controlled by
adjusting the back-pressure regulator (AKICO, Tokyo, Japan)
connected to the outlet coil. A cooling water bath was used to
cool the extract from the oven to a constant temperature close
to 25°C, thus minimizing any product loss due to high tem-
perature. The second pump connected to the outlet coil was
used to deliver ethy! alcohol to flush through any organic com-
pounds that were precipitated in the coil as the temperature of
the water was cooled down. The extract was collected in frac-
tions in collecting flasks over a fixed volume (25 mL) of water
passing through the sample, and extraction continued for 4h.
The extraction temperatures studied were 150, 170, and 200°C
and the flow rates employed were 2, 3, 4, 5, and 6 mL min~L.

2.3. Solvent extraction with magnetic stirrer

The roots of M. citrifolia (0.1 g) was extracted in 10 mL of
ethanol in a 125 mL flask for 72 h with a magnetic stirrer. The
extract was then filtered with a filter paper (Whatman no. 1,
USA), and the concentration of anthraquinones was measured
by a spectrophotometer.

2.4. Soxhlet extraction

In classical Soxhlet extraction, 2 g of sample was placed into
a thimble and was extracted with 200 mL of ethanol. Extrac-
tion was carried out for 1-4 h with the approximate cycle of 7
cyclesh™!. The anthraquinones concentration was measured by
a spectrophotometer.

2.5. Ultrasound-assisted extraction

For ultrasonic extraction experiments, an ultrasonic bath
was used as an ultrasound source. The bath, 275DAE (Crest
Ultrasonics, USA), was basically a rectangular container
(23.5cm x 13.3cm x 10.2cm), to which two 38.5kHz trans-
ducers were annealed at the bottom, and the bath power output
was 270 W. The extraction of anthraquinones was performed
by adding 0.1 g of ground dried roots into 10 mL of ethanol in
a 28 mL tube. The tube was then partially immersed into the
ultrasonic bath, which contains 2.2 L. of water. The bottom of
the flask was approximately 5 cm above the bottom of the bath.
The ethanol surface in the flask was kept at the level of the water
in the ultrasonic bath. After 2h of UAE, residual solids were
removed by filtration through a filter paper (Whatman no. 1,
Maidstone, Kent, UK).

All PHWE and conventional extractions were performed at
least in triplicates. To determine the percent recovery, after each
extraction, the sample residue was extracted in three 10-mL vol-
umes of ethanol, or extracted until the extract was clear. The sum
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"the amount of anthraquinones extracted by each extraction
ocedure, and that remained after each extraction account for
e total anthraquinones in the root samples (100%). The per-
nt recovery was calculated as the fraction of anthraquinones
tracted divided by the total amount of anthraquinones.

6. Determination of anthraquinones concentration

The analysis method for determining the amount of
ithraquinones was by spectrophotometry, modified from that
'scribed by Zenk et al. [16]. For samples extracted with ethanol,
libration curve of alizarin in pure ethanol was used for the
ianitification of the compound in the extracts. In case of
AWE, anthraquinones in the extract may not be in soluble
rm in ambient water after it exit the extraction system, ethanol
as therefore added to the extract to keep the compound dis-
ived in the solvent mixture. The ratio of 1:4 (ethanol:water)
as determined to be appropriate as this is the amount of ethanol
as just sufficient to keep the extract soluble. In this case, the
ncentrations of these solutions were analyzed spectrophoto-
etrically (Genesys 20, Thermo Electron Corporation, West
lm Beach, FL,, USA) by measuring the absorbance at 435 nm,
ith Alizarin or 1,2-dihydroxyanthraquinone as a standard, and
ith ethanol/water (1:4, v/v) as a reference.

7. Antioxidant activity test

The antioxidant activity of the extracts was evaluated by
easuring the ability of the extracts to scavenge the free rad-
al DPPH in vitro. The assay method was modified from that
:scribed in Ollanketo et al. [17]. For the purpose of comparing
eantioxidant activity in various extracts, concentration of sam-
€ producing 50% reduction of the radical absorbance (ICsq)
as used as an index. To find this value, the extract was diluted
:series with ethanol and 2 mL of each diluted extract was added
»2mL of 110 pM DDPH solution. The solutions were mixed
sing a vortex and the mixture was then incubated for 2h in
wkness at room temperature, after which the absorbance was
ieasured at the wavelength of 517 nm using ethanol as a refer-
1ice. The ICsg values were then found from a plot of percent
thibition (PI) versus the concentration of anthraquinones. The
alues of PI were calculated using the following equation:

[(%) = {1 — ﬁ] x 100 )
Ay
there A, and A, are absorbance of test sample and absorbance of
1e DPPH reference, respectively. Analysis of variance and com-
arison of means were performed on these aatioxidant results to
ompare the activity between the different methods.

.8. Measurement of alizarin solubility

The solubility of alizarin in PHW was determined ina 100 mL
losed pressure vessel (city, state, Japan), in which 0.5g of
lizarin standard and 15mL of water were loaded. The ves-
el was then tightened and heated to a desired temperature by
neans of a heating jacket around it. The system was allowed

to reach equilibrium in which 20 min was proven to be suffi-
cient for this purpose. For each of the temperatures tested, it
was indeed found that a constant equilibrium concentration was
achieved within 15min. The solubility of alizarin was exper-
imentally determined for the water temperatures of 125, 150,
175, and 200°C. After the 20 min, the vessel was immersed
into a water bath and sample solution was taken from the ves-
sel and immediately measured for its concentration. Although,
the solution temperature had returned to ambient temperature,
it still gave accurate determination of solubility of alizarin in
subcritical water when the measurements were measured imme-
diately after each experiment. The equilibrium concentration of
the solution was checked periodically after each experiment and
it stayed constant for 67 h before it decreased and crystalliza-
tion was observed. The equilibrium concentrations of alizarin
solutions were measured using a spectrophotometer as described
carlier.

3. Results and discussion

3.1. Comparison of PHW and conventional extraction
techniques

The performance of PHWE was compared with different
extraction methods in terms of anthraquinones recovery and
time required for extraction. The results are shown in Table 1.
To achieve approximately 80% recovery of anthraquionones,
extraction in stirred vessel required extended time period (72h).
With ultrasound-assisted extraction at 60 °C, similar yield could
be achieved within only 2h due to enhanced mass transfer
resulted from ultrasonic cavitation and the increase of solubil-
ity at higher temperature. More efficient extraction could be
achieved using a Soxhlet extractor in which continuous extrac-
tion with fresh solvent was carried out at near solvent boiling
temperature. For PHWE, the data presented in Table 1 are taken
from the experimental runs at 5mL min—!, This flow ratc was
selected as it was found to be an optimal flow rate, which allowed
efficient use of solvent and the extraction could be completed
withiu a reasonable period of time. The comparison in Table 1
shows that PHWE gave comparable recovery to Soxhlet extrac-
tion after 2 h, the method is more favorable however as it does
not involve the use of toxic organic solvents.

3.2. Antioxidant activity

The effect of extraction methods on the extract antioxi-
dant activity was determined by measuring radicai-scavenging
activity of the extracts against DPPH radicals. The antioxidant
activity of the sample as quantified by the ICsp values, for the
extracts obtained by PHWE were compared with that by con-
ventional organic solvent extraction including solvent extraction
in a stirred vessel, UAE, and Soxhlet extraction as shown in
Fig. 2. The highest ICsp value (lowest antioxidant activity) was
obtained for the UAE in absolute ethanol, followed by extraction
in stirred vessel. The ICsp values of PHTWE were significantly
lower and the antioxidant activity of the PHW extracts were
similar to that obtained with solvent extraction using Soxh-
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Table |

Comparison of percent recovery and extraction time for different extraction methods

Extraction method Temperature (°C) Time (h) Recovery (%)
Solvent extraction with magnetic stirrer 25 72 81.16 £ 2.70
UAE 60 2 79.62 + 0.56
Soxhlet extraction 78.3 1 9342 + 0.58
2 94.85 + 0.85

3 96.99 + 0.77

4 97.94 £+ 0.70

Subcritical water extraction 150 1 81.07 + 2.78
170 2 92.55 + 1.60

200 1 78.79 + 4.08

2 91.89 + 1.04

1 82.13 + 3.77

2 96.41 + 1.14

let apparatus. The ICsq values for all extracts obtained at all
PHW temperature tested (150, 170, and 200 °C) were compa-
rable. This was confirmed by analysis of variance in which five
observations were made for each of the three temperatures. The
analysis of variance with confidence level @=0.01 indicated
that the temperatures tested did not have a significant effect
on the antioxidant activity levels of the extracts. These results
indicate that PHWE is a promising alternative for extraction of
anthraquinones and that there was no significant difference in
the antioxidant activity of the extracts obtained by PHW in the
temperature range studied. For extraction in a stirred vessel, the
lower activity of the extract could have resulted from extended
extraction time required, which led to prolong exposure to unfa-
vorable conditions such as light and oxygen. However, analysis
of means shows that only UAE resulted in lower antioxidant
activity level (p <0.0001). The analysis could not conclude there
were differences in the other methods: PHWE, Soxhlet extrac-
tion, or solvent extraction with magnetic stirrer (tested with
confidence level @ =0.01). It is interesting to note that although
UAE did not require extended extraction time, the antioxidant
activity of the extracts was the most inferior. This is commonly
known to be a result of ultrasonic cavitation, which potentially
induces free radicals formation within the liquid medium, thus

0.32

028 -

024 . -

ICso(mM)
(=3
>
|

200°C Soxhlet  SEMS  UAE

Extraction Method

150°C 170°C

Fig. 2. ICsg of extracts derived from PHWE and conventional methods.

causes oxidation and degradation of the anthraquinones product
[18].

3.3. Solubility of anthraquinones in subcritical water

Knowledge of the solubility of the compound of interest in a
solvent is important for successful design of extraction process.
In generally, two common methods have been reported in the
literature for determining the solute solubility in a solvent under
given sub- and supercritical conditions. The first is static method
in which the solubility of a compound is measured in a closed
pressure cell. The second is a continuous flow technique in which
the equipment similar to that described earlier for extraction is
used, except the extraction vessel is loaded with the compound of
interest instead of plant samples. In the continuous flow system,
the solvent is pumped into the system by a high pressure pump
at a small enough flow rate to maintain equilibrium condition. In
this study, the solubility of alizarin in subcritical wate; ‘vas deter-
mined using a static method and the results were compared with
those obtained with a dynamic system reported previously [15],
as shown in Fig. 3. Both results demonstrated that the solubil-
ity increases with increasing temperature due to the decrease in
_water intermolecular interactions (dipole—dipole and hydrogen

—8— Solubility with static method

64
L

- —&— Solubility with dynamic method /
P
§ 4 ;4i/
Q
E 3
L]
3 /
=2 7

]'Tﬁ

0

v v T

380 420 460 500

Temperature (K)

Fig. 3. Solubility of anthraquinones in subcritical water measured in static and
dynamic systems.
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“able 2
jolubility of standard alizarin in PHW

Temperature (K) Mole fraction solubility (1079%)

Experimental Eq.(2) Eq. (3) Eq. (4) Eq. (5) Eq. (6)
198 1.07 £ 0.065 1.07 1.07 1.07 0.15 1.31
123 3.18 + 0.427 2.11 2.11 2.10 0.41 2.48
143 3.90 + 0.418 3.42 3.50 3.41 0.85 394
173 6.26 + 0.533 6.57 7.26 6.50 2.20 7.32
Average percent deviation 12.73 14.97 12.59 79.04 15.6

>onding) at high temperature, making it more likely to dissolve
ilizarin. For static measurement of solubility, the experiment
vas carried out in a 100mL pressure vessel in which 0.5 g of
ilizarin and 15 mL of water were loaded. For safety reason, the
sverhead space was allowed to avoid over-pressurization. The
sressures of the system were measured for different temperatures
iested and were found to be approximately the steam table satu-
-ation pressures. When the dead volume was allowed, however,
‘he volume of water changed with temperatures. The percentage
of mass of vapor was calculated based on the steam table data
for saturated steam to be 0.72, 1.42, 2.29, and 6.44% for 125,
150, 170, and 220 °C, respectively. At the end of the 20 min of
zachexperiment, the closed vessel was cooled by immersion into
a water bath. This fraction of vapor was expected to condense
back to liquid water. Thus, the concentration of alizarin in the
vessel would therefore be underestimated as it was diluted by
the condensed water. Based on this line of reasoning, the exper-
imental values for solubility (measured by static method) were
corrected, and the corrected solubility data are shown in Fig. 3
and also in Table 2. The results in Fig. 3 demonstrated that the
solubility values obtained from the two methods at lower tem-
peratures have smaller absolute deviations compared to those at
higher temperatures. The percentage deviation at lower temper-
atures are however the highest (54%), compared with 13, 9, and
21% deviation at subsequent temperatures. At the lower limit,
the solubility of anthraquinones in water is low, and therefore
was subjected to measurement errors. The discrepancy observed

at high temperature on the other hand could be attributed to clog- -

ging within the apparatus tubing, which was encountered in the
dynamic system, and thus giving underestimated values for solu-
bility. Thus, at higher temperature, more accurate determination
of solubility can be obtained with a static system and these data
were therefore used for model correlation discussed in the next
section. '

3.4. Solubility model approximation
Various approximation models for predicting the solubility
of polycyclic aromatic hydrocarbon in subcritical water have

been proposed [19,20]. To a zeroth approximation, the following
model was proposed:

T
In x(T) = ?" In x2(Tp) @

in which x; is the mole-fraction of organic compound of interest
in water and Ty represents ambient temperature. As suggested
by Miller and Clifford [19], the development of this equation
assumes the Gibbs function for solution does not change over
the temperature range and there is no absorption of water by the
solute. Eq. (2) can be used to approximate mole fraction solubil-
ity at any temperature, 7, from known mole fraction solubility
at a particular temperature. Taken Tp to be 398 K, our data for
anthraquinones solubility from static method can be fitted rea-
sonably well to the zeroth approximation as shown in Fig. 4.

However, when the validity of the model was checked by
plotting T'Inx2(T) — Ty In x5(Tp) versus temperature, the differ-
ence deviates significantly from zero. To correct this, Miller and
Clifford [19] proposed an improved approximation model by
adding a cubic term, 15[(7/Tp) — 113, into the base equation,
Eq. (2). The first approximation becomes:

Ty T 3
Inx(T) & — Inxy(Tp) + 15| —=— — 1 (€))
T To

It should be noted that Egs. (2) and (3) do not contain the
informationregarding the molecular structure of the solute. That
is, the equations give the same value of solubility in subcritical
water for all organic compounds, and may therefore be used
in this study for predicting the solubility of anthraquinones in
PHW. The values predicted by Eqgs. (2) and (3) are shown in
Table 1. Judging by the percentage deviation, Eq. (2) however

-9.5 T T

g\z,z 24 2
-10

-10.5

In X3

~11

1000 K/T

Fig. 4. Solubility data fitted to a zero-order approximation model.
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gave better agreement with the experimental data than Eq. (3).
Alternatively, based on the least square regression of equation
to find a new parameter for Eq. (3), we propose an approxi-
mate equation in which the cubic term in Eq. (3) is replaced by
—1.624[(TITp) — 1% as:

To T 3
Inxo(T) =~ = Inxp(Tp) — 1.624| — — 1 )
T Ty

As shown in Table 1, closer approximation for solubility
could be obtained with Eq. (4) than Eq. (3).

In addition, other approximation equation has been proposed,
for instance, for the solubility of alkylbenzenes liquid organics
in subcritical water [20]. The proposed equation contains an
altered cubic term which takes the following form:

T—-Ty ! 3
To

Inxo(T) ~ —?— In x(Tp) + 2[ (5)

Although Eq. (§) gave reasonable approximation of the data,
when used to predict the experimental data for anthraquionones
solubility however, it gave poor approximation. Thus, based
on least square regression, we propose an approximate equa-
tion in which the cubic term in Eq. (5) was replaced by
—0.201[{((T — To)/To) — 11 as

©

T; T —T, ;
Inxo(T) & F" In x2(Tp) —0.201[ - 0 1]

0

Eq. (6) was found to give reasonable approximation of the
anthraquinones solubility in PHW except at lower temperatures
(Table 1). The calculation of the least square of the deviation

indicates that of the five models, Egs. (2) and (4) gave the closest
approximation.

3.5. Extraction profiles of PHWE

The profiles of extraction were determined for the flow rate
of 2,3, 4,5, and 6mL min~! and for the temperatures of 150,
170, and 200 °C at the fixed pressure of 4 MPa. The results are
plotted in Fig. 5, which shows that the rate of anthraquinones
extracted increases with an increase in volumetric flow rate of
up to SmL min~!. This means that the extraction rate was influ-
enced by external mass transfer only up to this flow rate. When
the flow rate increases from 5 to 6 mL min™!, the extraction pro-
cess was no longer influenced by external mass transfer but might
be limited by other factors such as intra-particle diffusion. The
extraction profiles obtained in this study were similar to those
found in Shotipruk et al. [15]. The present results however show
more uniformity due to the different sample preparation used.
The reason was that the preparation method used in the present
study provides more uniformly distributed spherical sample,
rather than non-uniform needle like the sample obtained in the
previous study.

4. Conclusions

The results in this study suggest that organic solvent-free
PHWE gave comparable amount and quality of the extracts, as
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Fig. 5. Percent recovery vs. extraction time (a) 150°C, (b) 170°C, and (c)
200°C.

determined from the antioxidant activity, compared with Soxhlet
extraction. The method was found to be more effective than sol-
ventextraction with magnetic stirrer, in which the extraction time
required was longer. It is also more effective than UAE which
gave the extract with lower antioxidant activity. In addition to
the extraction experiments, the solubility of anthraquinones in
PHW was determined and mathematical models were proposed
to reasonably describe the experimental data. This provides use-
ful information for the design of large scale production. In
the future, attention would be focused on the scale-up of the
extraction process and on the analysis of specific anthraquinone
compounds in the extracts.
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Abstract

This study demonstrated promising results for microwave-assisted extraction
(MAE) of antioxidant anthaquinones from roots of a medicinally important plant, Morinda
citrifolia. The effects of temperature, ethanol compositions, and types of solvents on the
percent recovery of thé extract were determined. The extraction recovery and the
antioxidant activity of the extract were compared with those of the extracts obtained from
the conventional methods including ultrasqund-assisted extraction (UAE). The percent
recovery of anthraquinones was found to increase with increasing MAE time and
temperature, and was highly dependent on the type of solvents used. Furthermore, the use
of ethanol- water solution increased the yield of anthraquinones due to relative polarity and
swelling of plant tissue matrix by water. To achieve the same recovery as with MAE,
maceration, soxhlet extraction, and UAE require much longer time. In addition, the

antioxidant activity of the MAE extracts was found to be the highest.
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Introduction

Morinda citrifolia (Noni), a plant which grows prevalently in tropical region, has
recently gained a great deal of interest by scientists and medical professionals due to the
pharmaceutical values this plant offers. Wang ef al. (2002) has recently published a review
of Noni research, which summarizes the therapeutic effects of various compounds in this
plant [1]. Traditionally, the roots of Noni plants were used by Polynesians to produce
yellow or red dye, but more importantly, they are now known to contain medicinally active
components, such as anthraquinones, which, due to its antioxidant activities, possess
various therapeutic properties [2]. These include anti-bacterial, anti-viral, and anti-cancer
activities as well as analgesic effects. This makes the compounds potentially useful in
several medical applications [3-5]. Increasing number of studies is focusing on finding
efficient methods for production and extraction of anthraquinones from these plants. Much
of the literature found involves production of the compound in root culture of Morinda
citrifolia [6-8]. Nevertheless, extraction of anthraquinones directly from plant roots is still
more widely conducted and is conventionally performed by solvent extraction. Other
techniques which include supercritical carbondioxide extraction, subcritical water
extraction, ultrasonic assisted extraction (UAE), and microwave assisted extraction (MAE)
have also become of interest as alternatives for the conventional methods. Among these,
MAE is the simplest and the most economical technique for extraction of many plant
derived compounds [9].

The enhancement of product recovery by microwave is generally attributed to its

heating effect, which occurs due to the dipole rotation of the solvent in the microwave field.

This causes the solvent temperature to rise, which then increases the solubility of the



compound of interest. Specifically, solvent heating by microwave occurs when molecules
of the polar solvent could not align themselves quickly enough to the high frequency
electric field (typically 2450 MHz) of microwave. This discrepancy causes the solvent
molecules to dissipate the absorbed energy in the form of heat.

Although many reports have been published on application of microwave heating
for extraction of organic compounds from environmental matrices [10-11}, microwave has
only recently been applied to extraction of plant materials [12-15]. Some examples of these
are extractions of glycyrrhizic from the licorice root, ginsenoside from ginseng root,
artemisinin from Artemisia annua L [14-16]. Recently, Dabiri et al. (2005) reported their
investigation on optimization of MAE of alizarin and purpurin from the roots of madder
plants, a similar plant to Morinda citrifolia belonging to the Rubiaceae species [17]. In
their work, the emphasis was placed on extraction of pigment compoﬁnds from the plant
roots. In the present study, MAE of Morinda citrifolia roots was carried out, in which the
biological activity of the extract as well as the amount of anthraquinones in the extract was
concerned. Firstly, the effects of MAE time, temperature, types of solvents, and solvent
compositions were determined on the percent extraction of anthraquinones. The extraction
efficiency obtained with MAE was then compared with that from conventional methods
such as maceration, soxhlet extraction, as well as UAE. Lastly, the antioxidant activities of

the extracts obtained from various methods were compared.

Materials and Methods
Preparation of plant materials and conventional solvent extraction

Fresh roots of Morinda citrifolia were harvested, washed, and ground in liquid
nitrogen to an average size of 0.2 mm in diameter. The ground samples were oven dried at

45 ° C and kept in a dry place until use.



Two methods of conventional solvent extractions were used in this study:
maceration and soxhlet extraction. In maceration, 0.1g of Morinda citrifolia was extracted

in 10 ml of organic solvent in a 125 ml flask at 25 °C and 60 °C. The extract was then

filtered with a filter paper (Whatman, no.1, USA). The concentration of anthraquinones
was measured by a spectrophotometer. For solvent extraction using soxhlet apparatus, 2 g
of root sample was placed into a thimble with 200 ml of solvent (ethanol) contained in a

250 ml round-bottom flask. Extraction was carried out for up to 4 hours.

UAE

For the UAE experiments, an ultrasonic bath was used as an ultrasound source. The
bath, 275DAE (Crest Ultrasonics, USA), was basically a rectangular container (23.5 cm x
13.3 cm x 10.2 cm), to which two 38.5 kHz transducers were annealed at the bottom, and
the bath power rating was 270 W. Extraction was carried out at the power setting of 3
which was measured to be 15.7 W with a wattmeter energy check 3000 (Voltcraft,
Germany). The extraction of anthraquinones was performed by adding 0.1 g of gronnd
dried roots into 10 ml of solvent in a 28 ml tube. The tube was then partially immersed into
the ultrasonic bath, which contains 2.2 L of water. The bottom of the flask was
approximately 5 cm above the bottom of the bath. The solvent surface in the flask was kept
at the level of the water in the ultrasonic bath. Extraction was conducted for up to 60 min
at 60 °C. Water in the ultrasonic bath was circulated to control the temperature and to avoid

the water temperature to rise, as a result of ultrasonic exposure.

MAE experiment were performed on a MARS 5 (1200 W, 2450 MHz), microwave
accelerated reaction system from CEM corp. (Mathews, NC, USA) equipped with

4



twelvel00 ml closed PEEK vessels covered with special TFM sleeves. The extraction of
anthraquinones was conducted by adding 0.1 g of ground dried roots into 10 ml of solvent
in three of the vessels. The vessels were placed symmetrically in the microwave field. For
all experiments, 60% of power output (60% of 1200 W) was used and the ramping time for
all extraction runs was 2 minutes. Experiments were carried out to determine the effect of
irradiation time, composition of solvent (ethanol:water), type of solvent, and temperature
on MAE efficiency. The ranges of the variables studied are listed in Table 1. After
microwave irradiation, the solution was filtered through a filter paper (Whatman, no.1,
USA). The anthraquinones concentration was measured by a spectrophotometer.

To determine the percent recovery, the sample residue after each extraction was
extracted repeatedly in three 10-ml volumes of ethanol or extracted until the extract was
clear. The sum of the amount of anthraquionones extracted by each extraction procedure
(UAE, MAE, or Soxhlet), and that remained after each extraction account for the total
anthraquinones in the root samples (100%). The percent recovery was determined from the

fraction of anthraquinones in the root samples that was extracted.

Measurement of anthraquinones concentration

The analysis method for determining the amount of anthraquinones was modified
from that described by Zenk et al [7]. The concentrations of these solutions were analyzed
spectrophotometrically (Genesys 20, USA) by measuring the absorbance at 435 nm, with

Alizarin or 1, 2 dihydroxyanthraquinone as a standard.




Antioxidant activity measurement

Antioxidant activities of anthraquinones extracts obtained using UAE, MAE, and
classical extraction methods were tested and compared by measuring the ability of the
extracts to scavenge the free radical DPPH (1,1-diphenyl-2-picrylhydrazyl) in vitro. The
assay method was modified from that described in Ollanketo et al. [18] . For the purpose of
comparing the antioxidant activity in various extracts, concentration of sample producing
50% reduction of the radical absorbance (ICsg) was used as an index. To find this value,
the extract was diluted in series with ethanol and 2 ml of each diluted extract was added to
2 ml of 110 uM DDPH solution. The solutions were mixed using a vortex and the mixture
was then incubated for 2 hours in darkness at room temperature, after which the
absorbance was measured at the wavelength of 517 nm using ethanol as a reference.

ICsg can be found from a plot of percent in inhibition (PI) versus the concentration of
anthraquinones. The values of PI can be calculated using the following equation:

PI (%) = [1-(A{/Ap)] x 100 (1)

in which A; and A, are absorbance of test sample and absorbance of the DPPH reference,

respectively.

Results and discussion
Effect of extraction times

Figure 1 shows the extraction profiles for MAE in comparison with other extraction
methods such as maceration and UAE. As expected, the yield of anthraquinones obtained
using MAE increased with increasing times of extraction. When compared with maceration

conducted at 25 °C, MAE gave considerably higher percent recovery due to the heating

effect. More importantly, when compared with maceration at 60 ° C, MAE still resulted in



higher percent recovery after the same 60 minute extraction time. Although the solvent
temperature employed in both cases was the same, microwave heating occurred at much
faster rate. Beacause heating is known to affect the morphological changes in the plant
sample matrix and thus enhances product mass transfer, faster heating in MAE should
therefore be responsible for increased mass transfer, and thus anthraquinones release rate
observed. Thus, in MAE, the effects of higher heating and mass transfer rates
synergistically increase the reate of anthraquinones extraction. When MAE was compared

with UAE (at 60 °C) in which mass transfer was enhanced by cavitational effect, MAE yet

resulted in higher initial rate of extraction. The percent recoveries of the product for both
methods however approached the same value after about 18 minutes. For maceration, on
the other hand, one would expect to obtain the same recovery at much longer time period
due to the mass transfer limitation in this system compared to MAE and UAE. The result
here presented clear a advantage of MAE in shortening the time of extraction. The quality

of the extract measured in terms of antioxidant activity will later be discussed.

Effect of extraction temperatures

Generally, the higher extracting temperature is profitable for extraction due to the
increased solubility. In a closed microwave vessel used in this study, the temperature of the
solvent could be increased above the boiling point temperature. As a result, the solubility
of anthraquinones could greatly be enhanced. The effect of extraction temperature is
shown in Figure 2 which clearly demonstrates that increasing the temperature of the
solvent from 60 to 120 ° C significantly increases the extraction efficiency. This is because
higher temperature causes intermolecular interactions within the solvent to decrease,

giving rise to higher molecular motion, and causing the solubility to increase. Moreover, at



high temperature, solvent viscosity decreases and the diffusivity increases, thus the

efficiency of extraction increases [14, 19].

Effect of solvent type

The effect of the type of solvents on extraction efficiency of MAE was determined
at 60 ° C. The percent anthraquinones recovery after 15 minutes of MAE was compared.
The results in Figure 3, plotted together with those from maceration experiments (45
minutes of extraction times), demonstrate that methanol gave the highest extraction
efficiency for MAE, followed by acetone, acetonitrile, and ethanol. As seen in this figure,
solvents behave differently in MAE and in conventional extraction. In maceration without
microwave irradiation, the extractability of different solvents depends mainly on the
solubility of the compound in the solvent, the mass transfer kinetics of the product, and the
strength of the solute/matrix interactions. Under the influence of microwave, heating rate
plays an important role in extraction efficiency. Thus the success of MAE is also
determined by the two other parameters defining the dielectric properties of the solvent.
The first is dielectric constant, or relative permittivity, €’. This parameter describes
polarizabilty of the molecule to an electric field. It is a measure of the ability of a material
to store electromagnetic radiation. The second parameter is the dielectric loss factor, £,
which measures the efficiency in which the absorbed microwave energy can be converted
into heat inside a material when an electric field is applied. It is generally known that the
solvent that heats up rapidly under microwave radiation typically have high dielectric

constant and dielectric loss constant, 8, which is expressed mathematically by

g ' )



The values for dielectric constants, dielectric loss constants, and dissipation factors
for the solvents tested in this study are listed in Table 2 [20]. Methanol has relatively high
dielectric constant and the highest dissipation factor, which means that it could absorb
much of the microwave energy and transform it into heat better than the other solvents.
Therefore, as was expected, the rate of microwave heating of methanol was the highest,
and thus resulting in the highest extraction efficiency. Acetonitrile, on the other hand,
despite its higher dielectric constant than methanol, the dissipation factor of the solvent is
the lowest, the rate of heating and extraction efficiency was thus found to be relatively low.
The results presented in Figure 3 also show that MAE of anthraquinones in acetone
resulted in rather high extraction efficiency. Compared with ethanol, the solvent has
comparable dielectric constant but has more than twice higher dissipation factor, thus
acetone is expected to be more effective MAE solvent than ethanol.

From the above finding, although methanol was shown to give the highest
extraction efficiency, it is highly toxic and is not practical for use in food and
pharmaceutical processing. And although acetone and acetonitrile gave higher extraction
MAE efficiency than ethanol, ethanol is often more preferred in practice due to its several
advantages, such as being derived from natural sources and having lower cost. For these
reasons, ethanol was chosen for subsequent investigation to determine the effect of

different solvent to water composition on the efficiency of microwave extraction [21].

Effect of ethanol-water compositions

The effect of ethanol-water composition on percent recovery of anthraquinones is
demonstrated in Figure 4 for MAE at 60 °C. From these results, it can be noted that the use
of microwave clearly enhanced the product recovery across all compositions of solvents

used. This was due to the increase in extraction temperature which is the key advantages of



MAE. MAE in 80% ethanol in water was found to give the highest percent recovery after
15 minutes of extraction, followed by 50% ethanolic solution. In both cases, more than
90% anthraquinones could be extracted within only 15 minutes. From these results, it is
clear that the addition of some amount of water enhances the extraction efficiency. One
possible reason for the increased efficiency with a presence of some water might be due to
the increase in swelling of plant material by water, which increased the contact surface
area between the plant matrix and the solvent [13, 21-22].

Another reasonable explanation could be due to the change in relative polarity of
anthraquinones [13, 23]. The values for polarity index of a mixture of two solvents, Py,
can be calculated from the following equation [24]:

P, =R +0,P 3)
where ¢; and ¢, are the volume fractions of solvent 1, and solvent 2, respectively, and P,
and P, are polarity indices of solvent 1 and solvent 2 respectively. The polarity indices of
ethanol-water mixtures calculated from this equation are shown in Table 3, which indicate
that the increase water content increases the polarity index of the mixture. This along with
the extraction results in Figure 4 suggested that a certain degree of increase in the solvent
polarity (up to 50 % water) could enhance the solubility of anthraquinones in the mixture.
Furthermore, by addition of some amount of water, the mixture dielectric constants
increase. This helps absorb microwave energy, thus increasing the extraction efficiency.
The dielectric constant of a mixed solvent, &, can generally be calculated from the

following equation:
£, =2 (p)xel” “)
where ¢i is the volume fraction of i solvent and &; is the dielectric constant of i solvent

[16]. The values of dielectric constants for various mixture compositions are also shown in
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Table 3. It should be noted that although the addition of water into ethanol increases the
mixture dielectric constant, the dissipation factor decreases. This means that although the
solvent mixture is able to absorb high microwave energy compared to pure ethanol as a
result of increased dielectric constant, the mixture would not be able to dissipate the heat as
effectively. Based on this line of reasoning, there appears to be an optimal solvent
composition for MAE. As found in this investigation, in a mixture with too high water
content, i.e. 20% ethanolic solution, the extraction efficiency was low and unfavorable. It
is, nevertheless, interesting to note here that, unlike maceration where lower recovery was
obtained with 20 % ethanolic solution compared to that with pure ethanol, MAE with 20%
ethanolic solution gave higher recovery. A possible reason for this could be due to the
effect of microwave heating of the solvent within the plant matrix which caused the
product to release more readily. In addition, high temperature may have given rise to

structural changes in the plant matrix, which further increase the product mass transfer.

Comparison of MAE with classical methods

The efficiency of extraction using UAE and MAE was compared with that of the
other classical methods. Table 4 summarizes these results. At the extraction temperature of
60 °C, UAE and MAE with pure ethanol for 30 min gave comparable recovery
(approximately 65%). This was also comparable to that resulted from a 3 day maceration
in pure ethanol at room temperature. Clearly, these findings demonstrate that UAE and
MAE are promising extraction methods that offer improved efficiency by reducing the
time required for extraction. When consider Soxhlet extraction for 4 hours in ethanol
however, the results show that the method was able to give higher yields than UAE and
MAE at 60 °C. The reason for this was due to the fact that Soxhlet extraction was carried

out at the temperature closed to the boiling point of ethanol, and the plant tissues were
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continuously extracted with the fresh condensed solvent for extended time period. UAE
and MAE on the other hand were conducted in a batch system. Nevertheless, ethanol-water
mixture enhances the percent recovery to up to approximately 96%, which was comparable
to using soxhlet extraction in pure ethanol. At the same temperature, UAE and MAE gave

comparable recovery percentage.

Antioxidant activity

Antioxidant activity of the extracts obtained by various methods are tested and
compared using 1,2-diphenyl-2-picrylhydrazyl (DPPH) radicals. The reduction of the
DPPH absorbance at 517 nm after 2 hour incubation with the sample in darkness was
measured. For the purpose of comparing the antioxidant activity in various extracts,
concentration of sample producing 50% reduction of the radical absorbance (ICsp) was
used as an index. The ICsq values for various extracts are shown in Figure 5.

The results show that extracts obtained from MAE had higher antioxidant activity
than those from UAE and maceration, and have comparable activity to that obtained by
Soxhlet extraction. Lower activity of the maceration extract could be resulted from
extended extraction time, hence exposure to unfavorable conditions such as light and
oxygen. Although UAE did not require long extraction time, it is commonly known that
ultrasonication could induce free radicals formation within the liquid medium, thus causing

oxidation and degradation of the anthraquinones.

Conclusions
MAE gives the highest yields while requiring the shortest extraction times when
compare with the other methods. The main mechanism for enhanced recovery of

anthraquinones with MAE was the dipole rotation of the polar solvent in the microwave
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field, which was highly influenced by the solvent dielectric constant and dissipation factor.
The appropriate condition for MAE was extraction with 80% ethanol, at the extraction
temperature of 60°C, and extraction times of 30 minutes. The antioxidant activity of the
extracts obtained with Soxhlet extraction and MAE was found to be the highest, compared
with those obtained with maceration and UAE. These results demonstrate the potential for

new MAE to extract the antioxidative compounds, anthraquinones, from the roots of

Morinda citrifolia.
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Table Captions

Tablel Ranges of experimental variables.

Table 2 Dielectric constants and dissipation factors of different solvents [20].

Table 3 Polarity indices and dielectric constants of ethanol mixtures [24].

Table 4 Comparison of percent recovery and extraction time for different extraction

methods.
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Table 1

Variables

Ranges

Temperature (°C)
Holding times
Types of solvent

Compositions (water:EtOH)

60, 80, 100, 120
5,10, 15, 20, 30
EtOH, acetone, MeOH, acetonitrile
20%, 50%, 80%
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Table 2

Type of solvents € (F/m)  g”° tan § °
Acetone 20.7 115 0.5555
Methanol 32.6 15.2 0.6400
Ethanol 243 6.1 0.2286
Acetonitrile 375 2.3 0.0620
Water 78.9 12 0.1500

? Determined at 20° C

® at 2450 MHz
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Table 3

b

Percent Ethanol Polarity index® ¢
100% 52 243
80% 5.96 32.13
50% 7.1 46.76
20% 8.24 65.27

a calculated from Equation (3)

b calculated from Equation (4), using values of € from Table 2
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Table 4

Extraction )

methods Time Temperature Type of solvent Recovery (%)
Maceration 60 min 60 °C Ethanol 52.20+0.40
Maceration 60 min Ambient Ethanol 38.1210.23
Maceration 3 days Ambient Ethanol 63.33+£2.73
Soxhlet 4h Boiling point Ethanol 97.74 £ 031
UAE 60 min 60 °C Ethanol 62.23 £0.48
MAE 30 min 60 °C Ethanol 65.88 £ 0.60
MAE 15 min 60 °C Ethanol:water (80:20) 9591 +0.72
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Figure captions
Figure 1 Effect of extraction times of maceration, UAE, and MAE on extraction efficiency.

Figure 2 Effect of extraction temperature of MAE.

Figure 3 Effect of solvent types on extraction efficiency of 15 min MAE at 60 °C and 45
min maceration at 25 °C.

Figure 4 Effect of ethanol compositions on extraction efficiency of MAE at 60 °C at 15
minutes.

Figure 5 Antioxidant activities of extracts obtained by various extraction methods.

21



Recovery (%)

80

60
40
—&— Maceration 25 C
"
20 - —%— Maceration 60 C

—A— UAEB0C, P=157W

—*—MAE60C

0 10 20 30 40 50 60 70 80 90
Time (min)

Figure 1

22



100

Recovery (%)

0 10 20 30 40
Time (min)

Figure 2

23



Recovery (%)

80
60

40 -
20

acetone

methanol

m MAE at60 C

24

0O Maceration at25 C

ethanol

acetfonitrile

Figure 3




Recovery (%)

100

80 -
60 -
40

20

100 %

80 % 50 %

% Ethanol in water

25

20%

0 Maceration at25C
mMAE at60C

Figure 4



03

02 -

0.1 4

ICs0 (MM)

T

T

Maceration 3 UAE at60°C MAE at60°C Soxhlet4 h

days

26

Figure 5



	หน้าปก
	บทคัดย่อ (ภาษาไทย)
	บทคัดย่อ (ภาษาอังกฤษ)
	Excecutive Summary 
	เนื้อหางานวิจัย
	บทนำ
	ความเป็นมาของปัญหา
	การสำรวจการวิจัยอื่นๆ ที่เกี่ยวข้อง
	วัตถุประสงค์และขอบเขตของการวิจัย
	ประโยชน์ที่ได้จากการวิจัยนี้

	ข้อมูลพื้นฐานและทฤษฎีที่เกี่ยวข้อง
	น้ำกึ่งวิกฤต  (Subcritical Water)
	ต้นยอ  (Marinda Citrifolia)
	สารกลุ่ม Anthraquinones 
	สาร Alizarin  
	ทฤษฎีการถ่ายเทมวลสาร  (Mass Transfer) ในการสกัด

	วิธ๊ทำการวิจัย
	การเตรียมรากของต้นยอ
	การสกัดสาร Ailzarin จากรากของต้นยอโดยใช้เอทานอลเป็นตัวทำละลายอินทรีย์
	การสกัดสาร Ailzarin จากรากของต้นยอด้วยน้ำกึ่งวิกฤต
	การหาความสามารถในการละลาย (Solubilily) ของสารแอนทราควิโนนส์ในน้ำกึ่งวิกฤต

	ผลของการวิจัยและการอภิปรายผล
	ผลการทดลองขั้นต้น
	ผลของอุณหภูมิ
	ผลของความดัน
	ผลของอัตราการไหลต่อการสกัด
	ผลของความสามารถในการละลายของสารแอนทราควิโนนส์

	เอกสารอ้างอิง
	Output ที่ได้จากโครงการ
	ภาคผนวก
	Revised manuscripts 

	Button1: 


