Journal of Southeast University (English Edition)

Vol. 33, No. 3, pp. 362 —369

Sept. 2017 ISSN 1003—7985

Mathematical modeling for ultrasonic-assisted extraction
of arctigenin from acid hydrolyzed FructusArctii

Dai Lin  Zhang Yong Hu Chi

Qian Hongliang  Wang Zhixiang

(School of Engineering, China Pharmaceutical University, Nanjing 210009, China)

Abstract: A mathematical model based on Fick’s first law was
established to describe the process of ultrasonic-assisted
extraction of arctigenin from acid hydrolyzed FructusArctii.
Acid hydrolization with hydrochloric acid promotes the
conversion of arctiin to arctigenin in the arctiin-rich active
pharmaceutical ingredient, and the hydrolyzed products were
further examined to investigate the process setup. By
considering the mechanism of the extraction process and
experimental data, the effects of parameters including solvent
to solid ratio, particle size of hydrolyzed samples, ethanol
volume fraction, ultrasound power, extraction temperature and
extraction time on concentration of arctigenin were analyzed in
detail. The model was suitable for simulating the process of
ultrasonic-assisted extraction of arctigenin. The simulation
results of the model agree well with experimental data with the
deviation below 13%, indicating that the mathematical model
can provide valuable guidance for the extraction of arctigenin
from acid hydrolyzed FructusArectii.
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ructusArctii ( Niubangzi in Chinese), the dried fruits
F of Arctiumlappa L., is one of the most popular tradi-
tional medicinal plants in China, which is widely used in
Chinese prescriptions to treat inflammation and infection
for centuries''™ . The major active chemical ingredients
in the Arctiumlappa L. seeds are lignans and phenolic
compounds™'. A number of compounds have been sepa-
rated and identified from FructusArctii, including arctiin,
arctigenin, lappaol, matairesinol and diarctigenin'® . Arc-
tiin and arctigenin are the major lignan constituents' ™.
Modern pharmacological studies have revealed that arctiin
and arctigenin possess a variety of pharmacological prop-
erties and induce a number of important biological activi-
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ties, such as antl-prohferatlve[ I anti-carcinogene-
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sis™, and anti-HIV properties So, in the process

of chemical standardization of FructusArctii, the inherent-
arctiin and arctigenin are usually chosen as “marker com-
pounds”!"""". However, various studies have been con-
ducted to identify the main active constituent of Fruc-
tusArctii. These results indicated that arctiin was rapidly
transformed to arctigenin in the rat gastrointestinal tract in

US1 " and arctigenin rather than arctiin acted as the
8,14,20-23]

[13-15]

vivo
major effective ingredient'
sary to improve the extraction yield of arctigenin from
Arctiumlappa L. seeds for food and the pharmaceutical
industry. From a literature review in brief, studies on the
analysis of FructusArctii extracts revealed that the level of
arctiin was significantly higher than that of arctige-
nin"™ ' * " To obtain high amounts of arctigenin, Arc-
tiumlappa L. seeds were hydrolyzed by hydrochloric acid
before extraction, which was a simple and efficient way
to promote the conversion of arctiin to arctigenin.

The traditional methods used to extract bioactive consti-
tutes from natural materials are heating reflux, soxhlet
and solvent extraction. However, these methods have
some critical disadvantages such as a long extraction
time, large consumption of solvent, poor product quali-
ty, energy consumption and very few adjustable parame-
ters. Since the solvent extraction requires a high tempera-
ture, it is not suitable for thermo labile compounds. In
recent years, a number of new methods have been devel-
oped and applied to overcome these limitations, such as
accelerated solvent extraction'™’, supercritical fluid ex-
traction™', the microwave-assisted method™” and ultra-
sonic-assisted extraction (UAE). Among them, UAE is
reported to be a more economical and efficient method to
isolate bioactive compounds'™™” with minimal harm to
their bioactivity'™ . The acoustic cavitation of ultrasound
in extraction improves the interaction between targeted
compounds and the solvent, causing destruction of the
cellular wall and facilitating the mass transfer of con-
tents”' ™', From extensive literature research, there are
no reports on mathematical models describing the kinetics
process of the ultrasonic-assisted extraction of arctigenin
from hydrolyzed FructusArctii.

In this paper, on the basis of single factor experimental
data and Fick’s first law, the corresponding solution to
the mathematical model was established to simulate the
process of ultrasonic-assisted extraction of arctigenin from
hydrolyzed FructusArctii. The parameters including sol-
vent to solid ratio, particle size of hydrolyzed samples,
ethanol volume fraction, ultrasound power, extraction

. Therefore, it is neces-
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temperature and extraction time were taken into considera-
tion in the model. The parameters of the model were esti-
mated by single factor experiments.

1 Materials and Methods
1.1 Reagents and herbs

The fruits of Arctiumlappa L. were obtained from Nan-
jing Zelang Pharmaceutical Technology Co., Ltd., Jiang-
su, China. Arctiumlappa L. seeds were ground to powder
(mesh size 20-40, 40-60, 60-80, 80-100) using an elec-
tronic grinder and stored at 4 C for use. The standard
arctigenin was purchased from the National Institute for
the Control of Pharmaceutical and Biological Products
(Beijing, China, see Fig. 1 for chemical structure). The
methanol was chromatographically pure and all other rea-
gents were analytically pure.

(a) (b)
Fig.1 Chemical structures. (a) Arctiin; (b) Arctigenin

1.2 Sample pre-treatment

In order to convert arctiin to arctigenin, the powder of
FructusArctii was hydrolyzed in 3% ( weight percentage)
hydrochloric acid for 6 h, and the ratio of ground materi-
als to hydrochloric acid solution was about 1: 6. After hy-
drolysis, the mixture was filtrated and the residues were
washed with a large amount of distilled water until the pH
of the washing liquid was 7. Then, the hydrolyzed mate-
rials were dried at temperature of 50 C for 24 h. The
dried materials were kept at 4 C without light until use.

1.3 Apparatus and instruments

The ultrasonic bath ( DCTZ-2000E type, 40. 0 kHz,
Hongxianglong Co., Ltd., Beijing, China) was equipped
with a stainless extraction vessel of 500 mL and a ultra-
sonic generator (maximum power 1 200 W). Circulating
water was used to keep the solution’s temperature stable
during the experiment. The analytical high-performance
liquid chromatograph (10ATvp, Shimadzu, Japan) was
equipped with a LC-10AT pump, a CTO-10AS column
oven, a SCL-10A controller, a SPD-10A ultraviolet
(UV) detector and a manual injector with a 20 pL sample
loop. A CLASS-VP software package was used for data
analysis.

1.4 Determination of arctigenin in the extract by HPLC

The concentration of arctigenin in the extracts was de-
termined by HPLC. A ODS-2 Hypersil column (5 pm,

150 mm x 4. 6 mm) operating at 25 C was applied to
separate the arctigenin by isocratic elution with a mobile
phase consisting of methanol: water (50: 55 in volume
percentage) '’ at a flow rate of 0.5 mL/min. The detec-
tor was employed at a wavelength of 280 nm and the in-
jection volume of filtered sample was 20 pL. The identi-
fication of arctigenin was carried out by comparing the re-
tention time with the reference standard of arctigenin.
Standard calibration curves applied to calculate the con-
centrations of arctigenin were generated by using seven
standard dilutions ranging from 0.022 to 1.386 mg/mL.
The regression line for arctigenin was y =3.0 x 10'x +
406 489 (R* =0.999 7), where y is the peak area
(mAU) of arctigenin, and x is the concentration of stand-
ard solution (mg/mL).

1.5 Ultrasonic-assisted extraction

The extraction was performed in an ultrasound bath. A
mixture of ethanol and water at different ratios was put in-
to the stainless extraction vessel as the extraction solvent.
When the temperature of the solvent reached a preset tem-
perature and remained steady in the water bath, the dry
hydrolyzed samples were macerated into the extraction
vessel, following the immersion of an ultrasonic generator
into the solvent at approximately 2 cm. Under the sets of
designed ultrasonic conditions ( ultrasonic power and
time), the solvent-material slurry was extracted and then
filtered. After each run, 1 mL of the extract solution was
put into volumetric flask and diluted 10-fold with a mo-
bile phase of high performance liquid chromatograph
(HPLC). Then, the diluted solution was filtered through
0.22 pm nylon syringe membranes. 20 pL aliquot of fil-
trated solution was injected into the HPLC for analysis.
The result was expressed as the extraction yield:

Y:CxVxlO

x 100% (1)
where Y is the extraction yield, %; C is the measured
concentration of arctigenin in injections, mg/mL; V is
the volume of extract solution, mL; M is the mass of dry
hydrolyzed samples, mg.

1.6 Experimental design

The parameters of single factor experiments are as fol-
lows:

1) The effect of solvent to solid ratio on the concentra-
tion of arctigenin was experimentally studied at the ex-
traction temperature 313 K, ethanol volume fraction
50% , ultrasound power 400 W, extraction time 20 min
and particle size 20 to 40 mesh;

2) The effect of the particle size on the concentration
of arctigenin was experimentally studied at an extraction
temperature 313 K, solvent to solid ratio 20 mL/g, ultra-
sound power 400 W and extraction time 20 min and etha-
nol volume fraction 50% ;

3) The effect of the ethanol volume fraction on the
concentration of arctigenin was experimentally studied at
an extraction temperature 313 K, solvent to solid ratio 20
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mL/g, ultrasound power 400 W, extraction time 20 min
and particle size 20 to 40 mesh;

4) The effect of the ultrasound power on the concentra-
tion of arctigenin was experimentally studied at extraction
temperature 313 K, ethanol volume fraction 50%, sol-
vent to solid ratio 20 mL/g, extraction time 20 min and
particle size 20 to 40 mesh;

5) The effect of the extraction temperature on the con-
centration of arctigenin was experimentally studied at a
solvent to solid ratio 20 mL/g, ethanol volume fraction
50% , ultrasound power 400 W, and extraction time 20
min and particle size 20 to 40 mesh;

6) The effect of the extraction time on the concentra-
tion of arctigenin was experimentally studied at an extrac-
tion temperature 313 K, ethanol volume fraction 50%,
solvent to solid ratio 20 mL/g, and ultrasound power 400
W and particle size 20 to 40 mesh.

2 Theoretical Analysis

During the process of liquid-solid extraction, the solute
transforms from the solid phase to the liquid phase. The
process is comprised of three steps'™"':

1) Extraction solvent permeates into the solid matrix;

2) Solute dissolves into solvent and then diffuses to the
solid-liquid interface;

3) Solute is transformed from the solid-liquid interface
to the liquid phase. The schematic diagram of the extrac-
tion process and the variation of solute concentrations in the
solid phase and the liquid phase are illustrated in Fig. 2.

Solid Liquid
Cpanicles Diffusion| phase
1

\CO

(a) (b)
Fig.2 Schematic diagram of solute concentrations variation in
the process of liquid-solid extraction. (a) Schematic representation
of liquid-solid interface; (b) Concentration variation as a function of the
distance from the solid particle

By considering Fick’s first law, the following equation
can be obtained:
aw_ _odc

ar —DSa (2)

where %V is the leaching rate of arctigenin, kg/s; D is
the diffusion coefficient of arctigenin in the liquid phase,

. . . dcC .
m*/s; S is the diffusion area, m’; ™ is the concentra-
x

tion gradient of arctigenin from the surface of the hydro-
lyzed FructusArctii powder to the bulk of the solution,
kg/m*; a negative sign indicates that arctigenin diffuses
in the opposite direction of the concentration gradient.
During the process of ultrasonic extraction, D is gener-
ally composed of the molecular diffusion coefficient and

eddy diffusion coefficient; therefore, the diffusion coeffi-
cient can be proposed as follows:

D=D,, +D, (3)

where D, is the molecular diffusion coefficient, m>/s;
D, is the eddy diffusion coefficient, m>/s;

The molecular diffusion coefficient D,, can be described
by the Arrhenius equation:

D, =Ae """ (4)

where A is the transfer coefficient factor, m>/s; E is the
activation energy for the extraction, J/mol; R is the uni-
versal gas constant, 8.314 J/(mol - K); T is the extrac-
tion temperature, K.

During the process of extraction, A is a function of
concentration for concentrated solution, the following
equation can be proposed*”:

A, =D,C" (5)

where D, is the intrinsic diffusion coefficient, m*/s; Cis
the mass concentration of arctigenin, kg/ m’; nis a con-
stant. Since the diffusion coefficient decreases with the
increase in distance, n is usually less than 0.

On the basis of predecessors’ study'™', the eddy diffu-
sion coefficient is a function of ultrasound power and ex-
traction temperature, which can be defined as

D, =k,e""P“D,, (6)

where k,, k, and k, are the influence parameters of the ex-
traction temperature, ultrasound power and their interac-
tion on the transfer coefficient, respectively; P is the ul-
trasound power, W.

As the turbulence degree of extraction solution is great-
ly enhanced by ultrasonic waves, the effect of eddy diffu-
sion is much larger than that of molecular diffusion,
which means D~=D. According to Eqgs. (3) to (6), the
following equation can be obtained:

D = k,D,P-C"e"" "D (7)

In general, the process of extraction is usually unsta-
ble, thus the concentration gradient of the solute is usual-
ly a function of space and time. Since a larger concentra-
tion gradient leads to a faster diffusion and a greater vari-
ation of concentration gradient with time, the following
equation is proposed; which assumes that the change of
concentration gradient with time is proportional to the
concentration gradient'™':

e I

dr dx dx
where « is a proportionality constant. Since the concen-
tration gradient decreases with the increase of solute con-
centration in solvent, « is usually less than 0. With the
initial condition listed as follows, Eq. (8) can be integrat-
ed to obtain the following equation:

_dc

t=0, E:CO
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dc at
— - G (9)
C, =ac’e"" (10)

where C, is the arctigenin concentration on the solid-lig-
uid interface, kg/m’; c is the ethanol volume fraction,
% ; b, k, and a are the influence parameters of ethanol
volume fraction, extraction temperature and their interac-
tion on C,, respectively

According to Egs. (2), (7), (9) and (10) and defi-
ning W=VC and k =k, +k,, the following equation can
be obtained:

dc _ k,aD,P" e " E Rt g
dr ~ %

(11)

where W is the mass flux of arctigenin transferred across
the diffusion layer, kg; V is the total volume of extracts,
m’.

During the process of ultrasonic-assisted extraction, the
diffusion area S and the mass of hydrolyzed FructusArctii

G can be proposed as follows:

S=kwo’
G=Kuwp,o’

(12)
(13)

where  is the granule number of granule number; o is
the particle size of sample powders, um; G is the mass
of hydrolyzed FructusArctii, g; p, is the density of sam-
ples, g¢/m’; k’and k" are both the proportionality con-
stants related to the shape of particles of hydrolyzed sam-
ples.

For a certain quality of hydrolyzed FructusArctii pow-
der, the ratio of V to G is proportional to the solvent to
solid ratio. According to Egs. (12) and (13) and defining

k, = k]’(’i’ the following equation can be obtained:
Ps
S kA
—=— 14
V= o (14)

where A is the proportionality constant.
According to Eq. (14) and the initial condition =0, C
=0, Eq. (11) can be integrated as
(1 =n)k,k,AaD,P"c"e" " (e —1)

aqo

c' (15)

Eq. (15) is a mathematical model of ultrasonic-assisted
extraction of arctigenin from acid hydrolyzed Fruc-
tusArctii, which gives the relationship among the arctige-
nin concentration C and ultrasonic power P, extraction
temperature 7, solvent to solid ratio g, ethanol volume
fraction ¢, particle size ¢ and extraction time .

With the value of 8 defined, Eq. (15) can be trans-
ferred into the following equation:

1 (1 =n)k,k,AaD,
n

= 1 1
B 1-n -« (16)
Inc Ing KkInP  plnc
InC=8- -
nC=p 1-n 1-n 1—n+1—n+
kKT E In(1 —e*)
1-n (1—n)RT] 1-n (7

In Eq.(17), n, k,, k,, k;, k, A, a, b, D,, a, E and
R are all constants. The parameters n, k,, k, b, o and E
can be determined by single factor experiments and Eq.
(17) can be rewritten as

In
InC=¢, - _qn (18)
InC =g, - llr‘_”n (19)
bln
InC=g, - _2 (20)
InC = k,InP )1
n =@, — 1 —n ( )
kT E
€=~ ~ (U ZmrT (22)
1 1 _ at
InC = ¢, —% (23)

where ¢, to ¢, are the constant terms when only one fac-
tor is considered in the model. Then, substituting n, k,,
k, b, o, E and ¢, to ¢, into Eq. (17) gives the corre-
sponding values of B, to B, which are then averaged to ob-
tain the value of B for the mathematical model. The mean
value of (1 — n) k,k;AaD,/( — «) can be determined by
the value of 8.

3 Results and Discussion
3.1 Solution of the model

3.1.1 Single factor experiment of solvent to solid
ratio

To obtain the value of n, the values of all factors ex-
cept the solvent to solid ratio are kept constant. Fig. 3
shows the relationship between arctigenin concentration
and solvent to solid ratio. The linear regression equation

is shown as follows:

InC =2.9557 -0.758 7IngR%;,.., =0.989 0 (24)
L =0.7587 (25)
1-n
_In594  k,Ind400  pIn0. 5 [313k _ E ] .
""'1-n 1-n 1-n 1-n (1-n)Rx313
In(1 —e™)
——==2.9557 (26)
1-n
0.8
" = Experimental data
0.6+ Fitting curve
0.4
o]
k=
0.2F
OF
- 3.00 325 350 375 400 425

Ing

Fig. 3 Relationship between arctigenin concentration and sol-
vent to solid ratio
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3.1.2 Single factor experiment of particle size

To obtain the value of n, the values of all factors ex-
cept particle size are kept constant. Fig.4 shows the rela-
tionship between the arctigenin concentration and particle
size. The linear regression equation is given as

InC=5.426 6 -0.743 Slna-RzZadjusled =0.9985 (27)
I =0.743 5 (28)
1-n
_ In20 k,1n400  pIn0. 5 . [313k B E ] N
> 1-n 1-n 1-n 1-n (1-n)Rx313
200
In(l=¢™) _5 4266 (29)
1-n
18 = Experimental data
Fitting curve
1.5¢
O 1.2¢
=
0.9+
0.6
4.8 51 54 5.7 6.0 63 6.6

Ino

Fig.4 Relationship between arctigenin concentration and parti-
cle size

3.1.3 Single factor experiment of ethanol volume
fraction

To obtain the value of b, the values of all factors ex-
cept ethanol volume fraction are kept constant. Fig. 5
shows the relationship between the arctigenin concentra-
tion and ethanol volume fraction. The linear regression

equation is given as

InC=1.8521-1.773 Olna-Ridjusled =0.9950 (30)
b =1.773 0 (31)
1-n
_In594 20  bIn0.5 [3l3k B E ] N
Bs 1-n 1-n 1-n 1-n (1-n)Rx313
In(1 — ™)
——=1.8521 (32)
1-n
20
= Experimental data
L5 Fitting curve
1.0
E 05F
0.0
_05 -
_lO i 1 1 1 1 ]
-1.6 -1.2 -0.8 -0.4 0
Inc

Fig.5 Relationship between arctigenin concentration and etha-
nol volume fraction

3.1.4 Single factor experiment of ultrasound power
To obtain the value of k,, the values of all factors ex-
cept ultrasound power are kept constant. Fig. 6 shows the
relationship between arctigenin concentration and ultra-
sound power. The linear regression equation is given as

InC=-0.5410-0.195 3lnPR§djus[cd =0.9530 (33)
ky
——=0.1953 (34)
1-n
_1n594 3 In20  bIn0.5 [313k 3 E ] N
B. 1-n 1-n 1-n 1-n (1-n)Rx313
In(1 - &™)
————2=-0.5140 (35)
1-n
0.80 - .
= Experimental data
0.75L Fitting curve
0.70+
2065}
0.60+
0.55F
050 1 1 1 1 L L I
525 550 575 6.00 625 6.50 6.75
InP

Fig. 6 Relationship between arctigenin concentration and ultra-
sound power

3.1.5 Single factor experiment of extraction tem-
perature
To obtain the values of k and E, the values of all fac-
tors except extraction temperature are kept constant.
Fig. 7 shows the relationship between the arctigenin con-
centration and extraction temperature. The linear regres-
sion equation is given as

InC=516.9759 -0.81597T-8.170 7 x

10— Ry =0.993 5 (36)
k
=0.8159 (37)
1-n
£ _g1707x10° (38)
(1-mR_ "
_In594 20 kIn400  pin0.5
S 1=n 1-n 1-n 1-n
20a
h‘(i%z)=516.975 9 (39)

3.1.6 Single factor experiment of extraction time

To obtain the value of o, the values of all factors except
extraction time are kept constant. Fig. 8 shows the rela-
tionship between the arctigenin concentration and extrac-
tion time. The linear regression equation is shown as fol-
lows:

InC=0.754 8 +0.751 1In(1 —e™"'"™7).
Ridjustcd :0- 987 6
a=-0.1207
594 1020 k,1n400  pIn0. 5
— _ + +
1-n 1-n 1-n

(40)
(41)

Bs

1-n
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313k E
[1—n_(l—n)R><313]_0'7548 (42)

0.6

0.5F

0.4

2 0.3f

0.2+

0.1+ = Experimental data

' Fitting curve

0 1 1 ]
300 305 310 315 320 325 330
T/K

Fig.7 Relationship between arctigenin concentration and ex-
traction temperature

0.8r

= Experimental data
Fitting curve

0.7F

0.6
. 0.5F
=

0.4

0.3r

0.2

¢ 10 5 10 15 20 25 30 35

t/min

Fig.8 Relationship between arctigenin concentration and ex-
traction time

The values of n, b, k,, k, E and « can be calculated
by Egs. (25), (28), (31), (34), (37), (38) and (41):

n=-0.3314, b=2.3606, k, =0.260 0
k= -1.0863, E=9.044 8 x10°, a = -0.120 7
(43)

Substituting Eq. (43) into Egs. (26), (29), (32),
(35), (39) and (42), respectively, the value of B can be
obtained as 524.280 7, 524.227 3, 524.151 0, 524.195 7,

524.094 0 and 524.224 0. Substituting the mean value of
B, n and « into Eq. (16), the following expression can be
obtained:

k k,AaD, = o095 3947 ”

Combining Egs. (43) and (44) with Eq. (15), the
mathematical model of ultrasonic-assisted extraction of
arctigenin from acid hydrolyzed FructusArctii is obtained:

0.260 0 2.360 6 _695.594 7 —1.086 37-1.087 8 x10°T"" _0.751 1
11.030 6P c € )

c=| w
(45)

where P is the ultrasound power, W; c is the ethanol vol-
ume fraction, dimensionless; T is the extraction tempera-
ture, K; 7 is the extraction time, min; ¢ is the solvent to
solid ratio, mL/g; ¢ is the particle size of material, pm;
C is the arctigenin concentration in the extraction solvent,
mg/mL.

3.2 Verification of the model

Further experiments are carried out under different con-
ditions to verify the accuracy of the presented model ( see
Tab. 1). Each experiment was repeated three times and
the average values were used to measure the accuracy of
the model. Fig.9 presents the resulting concentration lev-
el for arctigenin in the extract.

9 =
—=— Simulation data

8 - —v— Experimental data

7E

Arctigenin concentration/(mg *+ mL™")

2 3 4 5 6 7 8 9
Arctigenin concentration/(mg « mL™")

Fig.9 Verification of the mathematical model for ultrasonic-
assisted extraction

Tab.1 Comparison between simulation and experimental data in verification experiment

. _ Arctigenin concentration/(mg - mL ")
Run K #/min Prw ¢ ¢/(mL - g™ o/ pm Simulation dati Experimental data : Relative error/ %
1 308 30 300 0.6 20 324 3.603 5 4.1215 12.57
2 308 30 500 0.6 40 324 2.365 6 2.294 3 3.11
3 308 10 300 0.8 20 324 4.689 9 4.480 1 4.68
4 328 10 300 0.8 40 324 2.4150 2.673 6 9.67
5 328 30 300 0.8 20 324 5.2011 5.1321 1.34
6 328 10 500 0.8 20 324 4.4910 4.3895 2.31
7 318 15 500 0.7 13 324 7.660 3 7.8835 2.83
8 308 30 500 0.8 20 324 6.630 8 6.502 3 1.98
9 308 20 500 0.6 20 324 3.7872 3.976 0 4.75
10 328 20 500 0.8 20 324 5.466 3 4.893 8 11.70
11 328 20 500 0.8 40 324 3.247 8 3.038 8 6.88
12 301 20 500 0.7 30 324 2.362 5 2.5249 6.43
13 318 20 500 0.5 30 324 2.709 0 2.7119 0.10
14 318 20 500 0.7 13 324 8.164 7 7.571 1 7.84
15 318 20 500 0.7 47 324 3.1556 3.3574 6.01
16 318 20 500 0.7 30 324 4.406 9 4.5514 3.17
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From Tab. 1, it can be seen that the relative error be-
tween the experimental data and simulation data is be-
tween 0. 10% to 12.57% . Higher relative errors of above
10% are observed in Runs 1 and 10, most likely resulting
from the inherent nonuniform character of FructusArctii as
a natural product. Although there is still an error between
simulating data and experimental data, the prediction
tendency of the model shown in Fig. 9 basically matches
the experimental data. So, the process of ultrasonic-assis-
ted extraction of arctigenin from acid hydrolyzed Fruc-
tusArctii can be described appropriately by the mathemati-
cal model.

4 Conclusion

A mathematical model of ultrasonic-assisted extraction
of arctigenin from acid hydrolyzed FructusArctii is estab-
lished based on Fick’s first law and the model explains the
relationship among arctigenin concentration and solvent to
solid ratio, the particle size of samples, ethanol volume
fraction, ultrasound power, extraction temperature and
extraction time. The parameters of the model are esti-
mated by single factor experiments. Although there is still
an error between simulation data and experimental data,
the prediction tendency of the mathematical model basi-
cally matches experimental data. The calculated data
agrees well with the experimental data and the error is
within an allowable range. Therefore, the process of ul-
trasonic-assisted extraction of arctigenin from acid hydro-
lyzed FructusArctii can be described appropriately by the
model. Moreover, the mathematical model can also pro-
vide theoretical guidance for describing other similar ex-
traction processes.
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