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a b s t r a c t

Evodiamine and rutaecarpine have been intensively studied due to their pharmacological actions and clin-
ical applications. In this report, supercritical fluid was used to extract evodiamine and rutaecarpine from
the unripe fruit of Evodia rutaecarpa. Response surface methodology using Box–Behnken experimental
design was utilized to optimize parameters for supercritical carbon dioxide extraction with methanol as
co-solvent. The effect of various values of dynamic extraction time (30–90 min), temperature (50–70 ◦C)
vailable online 23 October 2010
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and pressure (200–400 bar) on extraction yields of the two compounds was evaluated. Determinations
of the extracts were performed by high-performance liquid chromatography. The experimental data
obtained were fitted to second-order polynomial equations and analyzed by analysis of variance. The
highest yields predicted were 1.217 mg/g for evodiamine and 0.969 mg/g for rutaecarpine at the optimal
values (time 78 min, temperature 62 ◦C, pressure 280 bar and co-solvent flow rate 0.4 mL/min), based on
the selected range of experimental conditions.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Evodia rutaecarpa is a medicinal plant and is commonly dis-
ributed in East Asia, especially in China. The unripe fruit of E.
utaecarpa, called as Wu Zhu Yu in Chinese, has been utilized in
raditional Chinese medicine in alleviating pain, stopping vomit-
ng, and stopping diarrhea for a long time [1,2]. The therapeutic
ffects are considered to be pertinent to the alkaloids occurring in
he fruit. The major alkaloids are two indolequinazoline alkaloids
vodiamine and rutaecarpine (Fig. 1). In recent studies, it has been
eported that evodiamine exerts several pharmacological effects,
amely, anti-tumor activities [3,4], antiobesity effects [5], protec-
ion against myocardial ischemia-reperfusion injury [6], inhibition
f adipogenesis [7], and that rutaecarpine can induce CYP1A1
xpression [8]. The ethanol extract has anti-inflammatory action
9]. Both of alkaloids have the effect of suppression of NADPH oxi-
ase activation [10], possess thermoregulation, vascular regulation,

nti-allergic, anti-nociceptive and anti-inflammatory activities and
nhibit corticosterone production [11].

Supercritical fluid extraction (SFE) with carbon dioxide has
ained much attention. It is reported that more than 200 references

∗ Corresponding author. Tel.: +86 57488130089.
E-mail address: liu ben0@hotmail.com (B. Liu).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.10.079
deal with SFE in the last two years [12]. The interest of SFE is not
only as an analytical tool but also for process development, due to
its fast and effective extraction of different kinds of compounds in
mild conditions and its solvating power being easily manipulated
by changes in pressure and temperature. With respect to polar com-
pounds, pure supercritical CO2 does not have sufficient solvation
power, and therefore a polar co-solvent has to be added to CO2 in
order to increase the compounds solubility. Added co-solvents are
often methanol, ethanol, 1,2-propanediol, and so on [13–15].

Response surface methodology (RSM) is a statistical method.
This method uses quantitative data from an appropriate experi-
mental design to evaluate the response of the statistically designed
combinations, to estimate the coefficients by fitting it in a mathe-
matical model that fits best the experimental conditions, to predict
the response of the fitted model, to check the adequacy of the mode,
and to search optimum condition of factors [16]. As an experimental
design, it may minimize assay numbers and time to keep the exper-
imental cost at a minimum level with the possibility of revealing
optimum information in studied experimental domain, and it has
been applied in various experiments [17–20].
According to Chinese Pharmacopoeia standard, the content of
evodiamine and rutaecarpine in the unripe fruit of E. rutaecarpa
must be higher than 0.15% for medical use [1]. It is necessary to
offer a suitable method of quality evaluation for the medicinal plant.
A few studies have been reported on extraction and analysis of

dx.doi.org/10.1016/j.chroma.2010.10.079
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:liu_ben0@hotmail.com
dx.doi.org/10.1016/j.chroma.2010.10.079
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Fig. 1. Structure of evodiamine and rutaecarpine.

he two alkaloids from various materials. For example, evodiamine
nd rutaecarpine were extracted from plant material and biologi-
al sample using organic solvent with subsequent analysis by HPLC
21–23], HPLC–MS [24] as well as counter-current chromatography
25]. As a quick and effective extraction technique, supercritical
O2 extraction, using ethanol as co-solvent has been reported for
xtraction of essential oil and alkaloids from Fructus evodiae [26,27].
owever, the effect of extraction parameters on the yields of the

wo alkaloids and the optimum extraction conditions has not been
ubjected to a thorough study with RSM. Furthermore, there has
een no report on using methanol as a co-solvent for supercritical
O2 extraction of the two alkaloids. Therefore, the aim of this study
as to develop a SFE process, to optimize the conditions, using RSM,

n supercritical CO2 extraction with methanol as co-solvent, and to
valuate the factors which influence the yields of evodiamine and
utaecarpine for SEF from the fruit of E. rutaecarpa.

. Experimental

.1. Materials and reagents

The fruit of E. rutaecarpa was obtained from Tong-ren-tang Phar-
acy (Ningbo, China). The fruit was ground into powder using a

erbal pulverizer (FW 100, Tianjin Taisite Instrument Co. Ltd, Tian-
ia, China) and sieved through a 250 �m filter for extraction later.
vodiamine and rutaecarpine standards were purchased from the
ational Institute for the Control of Pharmaceutical and Biologi-
al Products (Beijing, China). CO2 (99.5% purity) was from Fangxin
as Ltd. (Ningbo, China). Acetonitrile of HPLC grade was purchased

rom Tianjin Shield Company (Tianjin, China). Methanol, tetrahy-
rofuran and acetic acid were analytical grade and were purchased
rom Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Celite
Chemical grade) was from Fengcheng Chemical Ltd. (Shanghai,
hina).

.2. Supercritical fluid extraction

A supercritical fluid extractor Spe-ed SFE-2 (Applied Separation,
SA) was used, which operates with two pumps, a master pump

or delivery of CO2 and a second pump (Knauer pump, model K-
01, Berlin, Germany) for the addition co-solvent. An accurately
eighed quantity of grounded sample (about 1 g) was placed in a

0 mL of extraction vessel (60 mm × 15 mm, i.d.) and the void vol-
me was filled with celite. Before the extraction was started, the
xtraction vessel was preheated in the oven for 10 min. The extrac-
ion conditions were as follows: extraction time, static extraction
or 5 min and then dynamic extraction up to 90 min; temperature,
rom 50 to 70 ◦C; pressure, from 200 to 400 bar, flow-rate of carbon
ioxide (gaseous state), 2 L/min; flow-rate of co-solvent methanol,
.4 mL/min. Collection is at room temperature and atmospheric

ressure. The extracts are collected in glass vials (30 mL containing
mL of methanol) with a rubber plug at the top. A metal extension

o the metering valve is used to pierce the rubber plug and allow
ollection directly in the collection solvent. A hypodermic needle
s pierced through the plug and is connected to a flow meter. The
217 (2010) 7833–7839

extracts were quantitatively transferred to a 25 mL volumetric flask
and made up to the mark with methanol. This solution was ana-
lyzed with HPLC. Additionally, the part of solution was dried and
weighted for the purity of determination.

2.3. Soxhlet extraction

A known quantity of grounded sample (2.0 g) was accurately
weighed into a thimble and was extracted in a 50-mL of extrac-
tor with 50 mL of methanol at a syphon rate of 1 cycle/15 min.
After 7 h of extraction with the solvent, the extraction solvent was
essentially colorless and the extracts were transferred to a 50 mL
volumetric flask and made up to the mark with methanol. This
solution was analyzed.

All extracts were filtered through a 0.45-�m membrane filter
before injecting into the HPLC system.

2.4. HPLC analysis

A high-performance liquid chromatography system (Hitachi,
Japan) equipped with a Hitachi pump (model L-2130) and an
ultraviolet–visible detector (Hitachi, model L-2400) was used. The
column used for separation was a Diamonsil C18 separation column
(5 �m, 250 mm × 4.6 mm i.d., Dikma Technology, Beijing, China).
The mobile phase was acetonitrile:water:tetrahydrofuran:acetic
acid (51:48:1:0.1, v/v/v/v) at a flow-rate of 1 mL/min. Detection was
at a wavelength of 254 nm and column temperature was ambient.
For all experiments, 20 �L of standards and sample extract were
injected.

Evodiamine and rutaecarpine content was determined by refer-
ring to the calibration curve established by running evodiamine and
rutaecarpine standard at varying concentrations through the HPLC
system under the same conditions. The calibration curve was lin-
ear from 2.16 to 64.8 �g/mL (y = −55,258 + 37,654x, r = 0.999, n = 5),
and from 2.2 to 66 �g/mL (y = −64,797 + 53,080x, r = 0.999, n = 5) for
evodiamine and rutaecarpine, respectively.

The intra- and interday precision was evaluated by a standard
mixture solution of the two alkaloids under the selected chro-
matography conditions with five replicates in a day for intraday
precision and once a day on three consecutive days for interday
precision. RSD was taken as a measure of the intra- and interday
precisions, which were 2.26 and 3.47% for evodiamine, and 3.17
and 3.35% for rutaecarpine, respectively. Standard addition test
was performed to determine recovery in triplicates for each level
at two concentrations level. The determined recoveries for evodi-
amine and rutaecarpine were 98.4 and 103.2% with RSD 3.68 and
4.52%, respectively.

2.5. Experimental design and evaluation

A Box–Behnken experimental design with three variables at
three levels was used to determine the response pattern and the
interaction effect of the independent variables on the responses.
For evaluating the effects of variables at three levels on the extrac-
tion efficiency of evodiamine and rutaecarpine with supercritical
CO2 + methanol, the selected three variables and three levels were
dynamic extraction time (X1), extraction temperature (X2), extrac-
tion pressure (X3). Variables and levels tested are reported in
Table 1. The software Design Expert (Stat-Ease Inc., Minneapolis,
MN, USA) was employed for experimental design, data analysis,
and model building. The experimental design used for the study is

shown in Table 2. The experiments were performed at random,
while the yields of evodiamine and rutaecarpine obtained were
taken as the dependent variables. Five replicates at the center of
the design were used to allow for estimation of a pure error sum of
squares.
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Table 1
Variables and experimental design levels for response surface.

Independent variables Coded symbols Levels
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(methanol, 50% methanol, 70% methanol, and 95% ethanol). The
quality of CO2 + various co-solvent extracts of E. rutaecarpa fruit
differed markedly. The solution obtained with CO2 extraction was
Extraction time (min) X1 30 60 90
Extraction temperature (◦C) X2 50 60 70
Extraction pressure (bar) X3 200 300 400

For statistical calculations, the relation between the coded val-
es and actual values are described as the following equation:

i = Zi − Z0
�Z

i = 1, 2, 3 (1)

here Xi is a coded value of the variable; Zi is the actual value of
ariable; Z0 is the actual value of the Zi at the center point; and �Z
s the step change of variable.

The relationship between the response and the independent
ariables was calculated by the second-order polynomial equation
Eq. (2)). The non-linear computer-generated quadratic model is
sed for this model:

= ˇ0 +
3∑

i=0

ˇixi +
3∑

i=0

ˇiiX
2
i +

3∑

i=0

3∑

j=1

ˇijXiXj (2)

here Y is the predicted response; Xi and Xj are independent vari-
bles which influence the response variable Y; ˇ0 is the offset term;
i is the ith linear coefficient; ˇii is the ith quadratic coefficient; and
ij is the ijth interaction coefficient.

. Results and discussion

.1. HPLC chromatogram of extract

Typical HPLC chromatogram of the sample extracts obtained
y supercritical CO2 + methanol is shown in Fig. 2. Based on the
vailable standard of evodiamine and rutaecarpine, it is possible
o identify the both of peaks, which appear at a retention time of
pproximately 13.4 min and 16.3 min, respectively.
.2. Selection of co-solvent

Extraction yields of evodiamine and rutaecarpine, using super-
ritical CO2 only, are low, due to the two compounds being polar

able 2
he Box–Behnken experimental design and the responses for the yields of evodi-
mine and rutaecarpine.

Trail No. X1 X2 X3 Evodiamine yield
(mg/g)

Rutaecarpine yield
(mg/g)

1 −1 0 −1 1.015 0.756
2 0 1 1 1.061 0.854
3 0 1 −1 1.105 0.95
4 0 −1 1 0.869 0.674
5 1 1 0 1.147 0.893
6 1 0 −1 1.166 0.925
7 1 0 1 1.183 0.925
8 0 0 0 1.172 0.93
9 0 0 0 1.214 0.939
10 0 0 0 1.086 0.856
11 0 −1 −1 1.112 0.868
12 0 0 0 1.163 0.923
13 0 0 0 1.195 0.938
14 1 −1 0 1.029 0.918
15 −1 −1 0 0.809 0.612
16 −1 0 1 0.835 0.629
17 −1 1 0 1.004 0.799

xperimental values are mean of three determinations.
Fig. 2. High performance liquid chromatogram of the extract obtained by supercrit-
ical CO2 + methanol at 280 bar, 62 ◦C and 78 min.

compounds. As a result, polar modifier should be considered. Addi-
tion of a small amount of polar co-solvent can enhance significantly
the extraction efficiency and, consequently, reduce the extraction
time. The method has been used to improve recovery of some polar
compounds from natural products, such as alkaloid [28], isoflavone
[29], saponin [30].

Since the nature of the co-solvent may influence the extraction
yields and the selectivity of the two alkaloids from plant sample,
preliminary assays using different co-solvents during supercritical
CO2 extraction were performed at a temperature of 60 ◦C, pres-
sure of 30 MPa, and extraction time of 60 min except that the
extraction with pure supercritical CO2 was at a temperature of
40 ◦C, pressure of 40 MPa, and extraction time of 60 min. Fig. 3
shows the extraction yields of evodiamine and rutaecarpine from
fruit of E. rutaecarpa, and Fig. 4 displays the purity of evodiamine
and rutaecarpine in the extracts obtained with various co-solvents
clear and colorless. The solution obtained with CO2 + methanol or

Fig. 3. The effect of different co-solvent on the yields of evodiamine and
rutaecarpine. Extraction conditions with CO2 + co-solvent: pressure of 300 bar, tem-
perature of 60 ◦C, time of 60 min and co-solvent flow rate of 0.4 mL/min. Extraction
conditions with pure CO2: pressure of 400 bar, temperature of 40 ◦C and time
of 60 min. (n = 3). 1. CO2; 2. CO2 + methanol; 3. CO2 + 50% methanol; 4. CO2 + 70%
methanol; 5. CO2 + 95% ethanol. (a) Evodiamine and (b) rutaecarpine.
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Fig. 4. The purity of evodiamine and rutaecarpine in extracts obtained by supercrit-
ical CO2 with or without co-solvent. Extraction conditions with CO2 + co-solvent:
pressure of 300 bar, temperature of 60 ◦C, time of 60 min and co-solvent flow rate
of 0.4 mL/min. Extraction conditions with pure CO2: pressure of 400 bar, temper-
ature of 40 ◦C and time of 60 min. (n = 3). 1. CO2; 2. CO2 + methanol; 3. CO2 + 50%
m
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under any combination of values of the variables inside the exper-
imental domain.

According to ANOVA, extraction time, temperature and pressure
were found significant (P < 0.05) for evodiamine and rutaecarpine
ethanol; 4. CO2 + 70% methanol; 5. CO2 + 95% ethanol. (a) Evodiamine and (b)
utaecarpine.

O2 + 95% ethanol was green with a small amount of precipita-
ion. In contrast, the solution obtained with CO2 + 50% methanol
r CO2 + 70% methanol was dark brown and more turbid with sig-
ificant amounts of sediments, indicating co-extraction of more
ubstances. It can be observed that the highest extraction yield
1.19 mg/g and 0.91 mg/g, for evodiamine and rutaecarpine, respec-
ively, in Fig. 3) and the highest purity (1.80% and 1.73%, for
vodiamine and rutaecarpine, respectively, in Fig. 4) were obtained
sing methanol as co-solvent. The extraction yields for the two
lkaloids significantly decreased from 1.04 and 0.84 mg/g to 0.66
nd 0.41 mg/g for evodiamine and rutaecarpine, respectively, and
he purity in the extracts also declined from 0.44% and 0.45% to
.20% and 0.12% for the two alkaloids, respectively, when water
ontent in methanol increased from 30% to 50%. This behaviour is
ften observed for the extraction of alkaloids. It might be explained
y the solubility of alkaloids in different concentration of methanol.
ince the solubility of evodiamine and rutaecarpine in methanol are
uch higher than in water, the addition of water to methanol will

ower the solubility of the two alkaloids and increase the solubility
f water soluble impurity, resulting in a decrease in the yield and
urity of the two alkaloids.

Flow rate of the co-solvent may influence the recovery of target
ompounds from plant sample. Assays using different flow rate of
ethanol as co-solvents during supercritical CO2 extraction were

erformed. Fig. 5 shows the effect of flow rate of the co-solvent
n extraction yields of the two compounds. It was observed that
he flow rate of methanol could influence the amount of evodi-
mine and rutaecarpine extracted. The yields of the two alkaloids
btained with the co-solvent at flow rate of 0.4 mL/min were 20
imes higher than that without the co-solvent. The extraction yield
as enhanced with the increase of flow rate up to 0.4 mL/min, and

hereafter, the yield was not improved. This could be explained
rom the balance between co-solvent concentration in CO2 and
olute solubility. Initially, as the flow rate of co-solvent increased,
he yield increased, since more alkaloids were solubilized with

n increasing co-solvent concentration. However, at certain con-
entration level, the solubility of the alkaloids in solvent could
ecrease with a further increase in flow rate, due to a change in
uid phase, and the solvent may leave the system without dis-
217 (2010) 7833–7839

solving all the alkaloids, resulting in decline in the yield. A similar
finding about the effect of co-solvent concentration on yield was
reported by Sun et al. [31], who found that lutein yield could be
increased when canola oil was used as a continuous co-solvent, at
low to medium concentrations of canola oil addition in CO2 (1–3%).
However, the yield decreased at higher concentrations of canola
oil (4–5%). Therefore, the flow rate of methanol (0.4 mL/min) was
selected as the quantity of co-solvent added in supercritical CO2
extraction.

3.3. Model fitting

The quadratic model from the Box–Behnken design can be used
to generate a response surface image for the main interaction
among extraction time, temperature and pressure. The mathemati-
cal model describing the extraction yield of evodiamine (mg/g) (Y1)
and rutaecarpine (mg/g) (Y2) as functions of the coded independent
variables (Table 2) in the selected ranges was given by the following
equation, respectively:

Y1 (mg/g) = 1.17 + 0.11X1 + 0.062X2 − 0.056X3 − 0.078X2
1

−0.091X2
2 − 0.038X2

3 − 0.019X1X2 + 0.049X1X3

+0.05X2X3

Y2 (mg/g) = 0.92 + 0.11X1 + 0.053X2 − 0.052X3 − 0.070X2
1

−0.042X2
2 − 0.039X2

3 − 0.053X1X2 + 0.032X1X3

+0.024X2X3

where X1, X2 and X3 are the coded variables for extraction time,
temperature and pressure, respectively.

The results were analyzed using ANOVA (Table 3). The statis-
tical analysis indicated that the proposed model for evodiamine
and rutaecarpine extraction was significant with p-value 0.0018
and 0.0008, respectively. The R2 (coefficient of determination)
value of the two models was determined to be 0.9388 and 0.9510,
respectively. Meanwhile, the lack of fit was 0.5253 and 0.3648,
respectively, which were not significant (P > 0.05). These values
confirmed that the model was adequate for predicting the yields
Fig. 5. The effect of flow rate of co-solvent methanol on yields of evodiamine and
rutaecarpine at 300 bar, 60 ◦C and 60 min.
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Table 3
Analysis of variance for the response surface quadratic model.

Source Sum of
squares

Degree of
freedom

F-value P-value Coefficient of
determination
(R2)

For evodiamine
Model 0.24 9 11.93 0.0018 0.9388
X1 0.093 1 40.96 0.0004
X2 0.031 1 13.67 0.0077
X3 0.025 1 11.16 0.0124
X1 X2 1.482 × 10−3 1 0.65 0.4454
X1 X3 9.702 × 10−3 1 4.28 0.0774
X2 X3 9.900 × 10−3 1 4.37 0.075
X2

1 0.0256 1 11.26 0.0122
X2

2 0.0345 1 15.34 0.0058
X2

3 6.201 × 10−3 1 2.73 0.1422
Residual 0.016 7
Lack of fit 6.282 × 10−3 3 0.87 0.5253
Pure error 9.59 × 10−3 4
Total 0.26 16

For rutaecarpine
Model 0.19 9 15.1 0.0008 0.951
X1 0.093 1 65.8 <0.0001
X2 0.022 1 15.8 0.0054
X3 0.022 1 15.29 0.0058
X1 X2 0.011 1 7.9 0.0261
X1 X3 4.032 × 10−3 1 2.84 0.1360
X2 X3 2.401 × 10−3 1 1.69 0.2349
X2

1 0.02 1 14.4 0.0068
X2

2 7.418 × 10−3 1 5.22 0.0563
X2

3 6.314 × 10−3 1 4.44 0.0730
Residual 9.950 × 10−3 7

e
n

3

S
s
a
t
a
W
c
p
r
d
m
m
i
a
w
t
c
i
c
s
g
o
s
c
a
v
m
f

trolled by temperature and pressure. These three factors were,
Lack of fit 5.099 × 10−3 3 1.4 0.3648
Pure error 4.850 × 10−3 4
Total 0.2 16

xtraction. The interaction between time and temperature was sig-
ificant for rutaecarpine.

.4. Effect of the factors

It is usually considered that the yield of target compounds with
FE is influenced by the extraction time, temperature and pres-
ure. Shorter extraction time could cause incomplete extraction
nd longer extraction time could be time and solvent wasting. Fur-
hermore, time is one of the main factors for exhausted extraction
nd is an important index for evaluation of extraction efficiency.
hen considering the effect of temperature on solubility of solid

ompounds, two different effects can appear by changing tem-
erature. One is the increase of solid volatility with temperature
ise, causing an increase of vapor pressure, and another is the
ecrease of solvent density with temperature rise. The improve-
ent of solubility by temperature is dependent on which effect is
ore important. If the density effect were predominant, the solubil-

ty of compounds in the supercritical phase would have decreased
t higher temperatures. In the case that the vapor pressure is over-
helming, the solubility of solid compounds would increase with

he increase in the vapor pressure [32]. Moreover, the fluid density
an be increased by elevating pressure, but it could cause a descent
n the solute vapor pressure. In addition, the solubility of solid
ompounds in supercritical fluid could be influenced by the repul-
ive solute–fluid interaction [33]. The solubility of solid compounds
enerally increases as the pressure began to rise, since the density
f the fluid increases with pressure. The main factor affecting the
olubility of solid compounds is the density of fluid. As the pressure
ontinues to increase, however, the repulsive solute–fluid inter-

ction becomes more and more. When pressure reaches a certain
alue for some compounds, the repulsive solute–fluid interaction
ay become greater than the increase in the solubility obtained

rom the increased solvent density. In this situation, the solubility
Fig. 6. Response surface plots of evodiamine showing (a) the effect of time and
temperature at constant pressure (280 bar), (b) the effect of time and pressure at con-
stant temperature (62 ◦C), and (c) the effect of temperature and pressure at constant
time (78 min).

of the compounds decreases. A lower solubility leads to a decrease
in extraction yield. The solubility of solute in supercritical fluid
depends on a complex balance among fluid density, solute vapour
pressure and the repulsive solute–fluid interaction, which are con-
therefore, chosen and optimized in this study.
Figs. 6 and 7 illustrate the surface plots of the response vari-

ables (evodiamine (mg/g) and rutaecarpine (mg/g)), respectively,
as a function of extraction time, temperature and pressure, while
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Fig. 7. Response surface plots of rutaecarpine showing (a) the effect of time and
t
s
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c
c
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p

obtained with methanol modified supercritical CO2 was slightly
emperature at constant pressure (280 bar), (b) the effect of time and pressure at con-
tant temperature (62 ◦C), and (c) the effect of temperature and pressure at constant
ime (78 min).

onditions are constant at optimum values (78 min, 62 ◦C, 280 bar,
o-solvent flow rate 0.4 mL/min). These graphs can be used for visu-

lly predicting future responses and for determining factor values
hat optimize the response function.

The effect of different combination of extraction time and tem-
erature on the amount of evodiamine and rutaecarpine yield is
217 (2010) 7833–7839

shown in Figs. 6a and 7a, respectively. It was observed from Fig. 6a
that higher yields (higher than 1.18 mg/g) for evodiamine were
attained by setting extraction time longer than 64 min and tem-
perature between 58 ◦C and 66 ◦C. When the mathematical model
was used to predict the yields that could be obtained using dif-
ferent temperature, the other two variables were kept constant at
their optimum values. Fixing time and pressure at optimum val-
ues (78 min and 280 bar), the yield of evodiamine increased from
1.01 mg/g at 50 ◦C to 1.21 mg/g at 65 ◦C. High temperature con-
duced to the increase of extraction yield of the compound inside
the experimental domain. The effect of increased extraction time
on the yield was more noticeable. The extraction yield increased
with time. It was noticed that faster extraction was attained within
30 min with the 83% of recovery (1.01 mg/g), based on the yield
of 90 min. After 30 min, the yield was slowly increased within the
range of 60 min with 98% of recovery (1.18 mg/g), while keeping
temperature and pressure constant at optimum condition (62 ◦C
and 280 bar). Similar effect of extraction time and temperature on
yields was observed for rutaecarpine (Fig. 7a). The highest yield
(0.95 mg/g) was obtained at temperature between 58 and 68 ◦C,
and time longer than 70 min.

Fig. 6b shows the effect of extraction time and pressure on yields
of evodiamine. Higher yields were obtained at time above 66 min
and pressure between 230 bar to 310 bar. The highest yield of evo-
diamine (1.214 mg/g) was attained with time 78 min and pressure
280 bar. When the pressure was increased from 200 to 280 bar at
optimum values (62 ◦C and 78 min), the improvement of yields was
small from 1.19 to 1.21 mg/g. The increase of pressure from 280 to
400 bar did not enhance the evodiamine yield. In this study, the
interaction between time and pressure was not statistically sig-
nificant (P > 0.05). For rutaecarpine extraction, the effect of time
and pressure on yields was displayed in Fig. 7b. The highest yields
(0.95 mg/g) were attained when time was longer than 67 min and
pressure from 200 to 300 bar.

When considering the effects of temperature and pressure on
the yields of evodiamine, higher yields were obtained at tempera-
ture between 59 and 64 ◦C, pressure between 224 and 320 bar, as
can be seen in Fig. 6c. The yields of evodiamine increased from
1.07 mg/g at 50 ◦C to 1.21 mg/g at 62 ◦C, while keeping extrac-
tion time and pressure at optimum values (78 min and 280 bar).
Also higher yields (about 0.95 mg/g) for rutaecarpine extraction
were observed at temperature between 55 ◦C and 68 ◦C, pressure
between 200 bar and 320 bar in Fig. 7c. The interaction between
temperature and pressure was not statistically significant for rutae-
carpine and evodiamine extraction (P > 0.05). It was also reported
that the interaction between pressure and temperature was not sta-
tistically significant for stevioside extraction [32] and lutein [33],
which means that the synergistic effect between them is weak in
the selected experimental range.

Table 4 shows that the suitability between the predic-
tive values, yielded from the estimated models at optimal
extraction condition (time 78 min, temperature 62 ◦C, and pres-
sure 280 bar) and experimental values for evodiamine yields
and rutaecarpine yields. Experimental values (1.205 mg/g and
0.949 mg/g for evodiamine and rutaecarpine, respectively) were
not significantly different from the predicted values (1.217 mg/g
and 0.969 mg/g for evodiamine and rutaecarpine, respectively)
within 95% confidence interval. Evodiamine and rutaecarpine
purity in the extracts is also compared in Table 4. The purity
obtained with methanol modified supercritical CO2 was 4 times
higher than that with Soxhlet extraction. Furthermore, the yield
higher than that with Soxhlet extraction. It reveals that an
exhausted extraction was attained with methanol as co-solvent
in supercritical CO2 extraction under selected operation condi-
tions.
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Table 4
Extraction yields and purity of evodiamine and rutaecarpine from the powdered fruit of E. nutaecarpa.

Extraction condition Evodiamine yields (mg/g) Rutaecarpine yields (mg/g) Evodiamine purity (%) Rutaecarpine purity (%)

Experimental Predicted Experimental Predicted Experimental

(mean ± SD, n = 4) (mean ± SD, n = 4) (mean ± SD, n = 3)

Dynamic extraction time, 78 min;
temperature, 62 ◦C; pressure,
280 bar; flow-rate, 2 L/min CO2 and

1.205
± 0.059

1.217 0.949
± 0.029

0.969 1.804 ± 0.042 1.733 ± 0.082

.931
± 0.01
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1.192
± 0.048
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. Conclusions

In this study, the effects of extraction time, temperature and
ressure at optimal flow rate of methanol (0.4 mL/min) were eval-
ated in order to develop an optimized SFE method. The results
emonstrated that the change at time, temperature and pres-
ure could affect the yields of the two alkaloids. The estimated
odels were able to indicate operational conditions, allowing supe-

ior extract yield. The highest yields predicted for evodiamine
1.217 mg/g) and rutaecarpine (0.969 mg/g) could be attained at
ptimal extraction condition. This study shows that the yields and
urity of the two alkaloids obtained with methanol as co-solvent
ere higher than that with containing water of methanol, 95%

thanol or Soxhlet extraction. In the light of these findings, SFE with
ethanol as co-solvent can be a useful alternative for the extraction

f the compounds with high efficiency and reduced extraction time
or quantitative recovery. The optimized parameters are helpful for
FE both in analytical and larger scale.
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