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In  this  study,  ester-bond  biphenyl  cyclooctene  lignans  were  efficiently  hydrolytically  degraded  into  free
biphenyl  cyclooctene  lignans  by ion  exchange  resin  transformation  and  simultaneous  removal  of impuri-
ties  by  macroporous  resin.  The  OH-type  strongly  basic  anion  exchange  resin  201  × 7  was the  best  one,  and
the dynamic  hydrolysis  efficiency  was  146.7  ± 5.0%.  HPD5000  macroporous  resin,  which  offered  higher
adsorption  and  desorption  capacities  and  faster  adsorption  than  other  resins.  The purity  of  free  biphenyl
eywords:
chisandra chinensis
iphenyl cyclooctene lignans
atalytic hydrolysis

on exchange resin
dsorption and desorption
acroporous resin

cyclooctene  lignans  in the  product  increased  from  5.14  ±  0.24%  to  79.67  ± 0.0.67%.  After  dynamic  catalytic
transformation  by  201  ×  7 resin  combined  with  purification  of  HPD5000  resin,  the  yield  and  the  purity
of  free  biphenyl  cyclooctene  lignans  in the  product  were  132.1  ± 4.7%  and  80.91  ±  3.53%,  respectively.

Crown Copyright ©  2011 Published by Elsevier B.V. All rights reserved.
. Introduction

Schisandra chinensis Baill has a long history of medical use as
 tonic, sedative and astringent agent to treat various diseases
n China, Korea and Japan [1–3]. It can be used for circulatory
ystem improvement [4],  central nervous system regulation and
eduction of fatigue, to increase endurance [5],  for improvement
f physical performance during sports [5],  and for its antioxidant
6,7], anti-inflammatory [8],  antitumor [9,10],  anticarcinogenic
11], detoxifying, anti-hepatotoxic and anti-HIV activities [12,13].
t also can be used in the treatment of chronic coughing, asthma,
eart palpitations, spontaneous sweating, insomnia, forgetfulness,
permatorrhea, diabetes [14], and cancer through its antiprolifer-

tive effects on tumor cells [15]. The major bioactive constituents
f S. chinensis are free biphenyl cyclooctene lignans (FBCL) such as
chisandrin [S], schisantherin A [SA], deoxyschisandrin [DS] and �-
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570-0232/$ – see front matter. Crown Copyright ©  2011 Published by Elsevier B.V. All ri
oi:10.1016/j.jchromb.2011.09.022
schisandrin [GS] [16–19].  However, the hydroxyl group in biphenyl
cyclooctene lignans can easily form ester bonds with other organic
acids in plants. Hydrolysis can increase the content of FBCL by trans-
formation of ester-bond biphenyl cyclooctene lignans (EBBCL). In
the hydrolysis process, cleavage of the ester bond occurs, but there
are no other structural changes [20].

Homogeneous acidic or basic catalysts, such as hydrochloric
acid and sodium hydroxide, are generally used for hydrolysis of
esters in industry [21]. However, they cannot be recovered after
use and have to be neutralized at the end of the hydrolysis reaction,
resulting in secondary pollution. Ion exchange resins have high cat-
alytic activity, can be used repeatedly, do not corrode equipment,
and reduce the quantity of waste generated in catalytic reactions
[22–25].

Recently, macroporous resin adsorption technology has gained
popularity in pharmaceutical applications [26,27], because of its
unique adsorption properties and advantages, including ideal pore
structure and various surface functional groups, low operation
expense, low solvent consumption, and easy regeneration [28,29],
have avoided the shortcoming of liquid–liquid extraction and silica

and alumina column chromatography with organic solvent [30,31].

In this report, a novel method of hydrolyzing EBBCL from S. chi-
nensis extract was  developed using ion exchange resin hydrolysis
combined with macroporous resin purification.

ghts reserved.

dx.doi.org/10.1016/j.jchromb.2011.09.022
http://www.sciencedirect.com/science/journal/15700232
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. Materials and methods

.1. Chemicals and reagents

S, SA, DS, and GS standards (98% purity) were purchased from the
ational Institute for the Control of Pharmaceutical and Biological
roducts (Beijing, China). Deionized water was prepared by a Milli-

 water purification system (Millipore, Billerica, MA). Acetonitrile
nd acetic acid of HPLC grade were purchased from J&K Chemical
td. (Beijing, China), and all of other solvents used in this study
ere of analytical grade from Beijing Chemical Reagents Co. (Bei-

ing, China). Ion exchange resins SK1B and WK11 were purchased
rom Mitsubishi Chemical Corporation (Tokyo, Japan), others were
urchased from Guangfu Fine Chemical Research Institute (Tianjin,
hina), and macroporous resins were purchased from Guangfu Fine
hemical Research Institute (Tianjin, China). The physical proper-
ies of resins are summarized in Supplementary information Table
1 and Table S2.

.2. Preparation of S. chinensis extracts

S. chinensis fruits were purchased from San Keshu Trading (Hei-
ongjiang, China) and identified by Professor Shao-quan Nie from
he Key Laboratory of Forest Plant Ecology, Northeast Forestry Uni-
ersity (Harbin, China). Dried fruits (100 g) mixed with 1000 mL
f ethanol–water (80:20, v/v) solution were heated at 90 ◦C for

 h and then filtered. The residue was refluxed with 800 mL of
thanol–water (80:20, v/v) for 1.5 h, filtered, then combined the
wice liquid extracts and concentrated to dryness in a rotary evap-
rator.

.3. LC–ESI-MS qualitative analysis

The structure of lignans was identified by LC–ESI-MS in order
o prove that hydrolysis does not change the base core structure
f biphenyl cyclooctene lignans. An Agilent 1100 series HPLC sys-
em equipped with G1312A Bin pump, G1379A degasser (Agilent,
an Jose, CA, USA) and G1316A automatic column temperature

ontrol box. Chromatographic separation was performed on a HiQ
il-C18 reversed-phase column (250 mm × 4.6 mm I.D., particle size

 �m,  KYA Technologies, Tokyo, Japan). The mobile phase for elu-
ion was acetonitrile–water–acetic acid (60:40:0.1, v/v/v) at a flow

Fig. 1. Automated closed system of 201 × 7 resin hydrolysis co
 879 (2011) 3444– 3451 3445

rate of 1.0 mL/min. The run time was 65 min, the injection vol-
ume  was  10 �L, and the column temperature was maintained at
25 ◦C. An API3000 triple quadrupole mass spectrometer with a
Turb lon-Spray interface from Applied Biosystems (Carlsbad, CA)
was  operated in positive electrospray ionization (ESI+) mode. All
mass spectra were acquired in multiple reactions monitoring mode.
The analytical conditions were as follows: ion source tempera-
ture, 250 ◦C; nebulizing, curtain, and collision gas at 12, 10 and
6 a.u., respectively. The ion-spray voltage was  5500 V. The entrance,
focusing potentials were set at 10 and 400 V, respectively. The
declustering potentials were 10 V for S, 15 V for SA, 80 V for DS and
G. The collision energies were 18 V for S and SA, 35 V for DS and
33 V for G. The MS  parameters were manually tuned to obtain the
highest response for each of the precursor/product ion combina-
tions. Analyst software (version 1.4) installed on a Dell computer
was  used for data acquisition and processing.

2.4. HPLC-UV quantitative analysis

The quantification analysis method is according to Ma et al. [32].

2.5. Static tests

2.5.1. Static hydrolysis tests
2.50 g of ion exchange resin (dry weight) with 50 mL  of crude

extract solution were shaken at 100 rpm for 12 h at 75 ◦C. The pro-
cess was  repeated three times for each set of conditions.

2.5.2. Static adsorption and desorption tests
1.00 g of macroporous resin (dry weight) with 50 mL  of the solu-

tion obtained after hydrolysis was shaken at 100 rpm for 8 h at
25 ◦C. After adsorption, the resin was washed with 50 mL  of deion-
ized water, and then static desorption was  performed by shaking
at 25 ◦C for 5 h. The process was repeated three times for each set
of conditions. Adsorption isotherms on HPD5000 resin were tested
at 20, 30, 40 and 50 ◦C, respectively.

2.6. Dynamic hydrolysis combined with adsorption and

desorption tests

Dynamic hydrolysis combined with adsorption and desorption
experiments was carried out using a fixed-bed column reactor

mbined with HPD5000 resin adsorption and desorption.
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20 mm × 500 mm)  filled with 60.0 g of 201 × 7 resin (dry weight)
onnected to a fixed-bed column separator (10 mm × 250 mm)
et-packed with 24.0 g of dry HPD5000 resin (Fig. 1). The bed vol-
mes (BV) of resin were approximately 100 mL  (201 × 7) and 33 mL
HPD5000). Crude extract solution (400 mL)  heated to 70 ◦C was
umped through the fixed-bed at 50 mL/h, which is 0.5 BV/h for
01 × 7 and 1.5 BV/h for HPD5000). The liquid after hydrolysis was
ixed with cold deionized water (approximately 0 ◦C) (1:1) and

njected into the fixed-bed column separator at 100 mL/h (3 BV/h).
hen the adsorption reached equilibrium, the fixed-bed column

eparator was washed with 100 mL  of distilled water (3 BV), and
hen 200 mL  (6 BV) of ethanol–water (90:10, v/v) at room temper-
ture was injected into the fixed-bed column separator at 66 mL/h
2 BV/h) by a metering pump.

.7. Regeneration of resins

First, the exhausted macroporous resins were washed with
thanol, then with 1 mol/L NaOH, and finally with deionized water
ntil pH reached 7–8. The ion exchange resins were washed suc-
essively with 1 mol/L HCl and 1 mol/L NaOH (basic anion exchange
esins were washed by HCl first and acidic cation exchange resins
n the contrary). Finally, were washed with deionized water until
H about 7.

.8. Statistical analysis

Statistical analysis of the data was performed by analysis of

ariance (ANOVA), and the significance of the difference between
eans was determined by Duncan’s multiple range test (P < 0.05)

sing SAS (Version 8.1, 2000; SAS Inst., Cary, NC). Values are
xpressed as “mean ± standard deviation”.

ig. 2. Representative LC–ESI-MS chromatogram of S. chinensis sample. Inset: LC–ESI-M
chisandrin [S]; (2) schisantherin A [SA]; (3) deoxyschisandrin [DS]; and (4) �-schisandri
 879 (2011) 3444– 3451

3. Calculation

3.1. Hydrolysis efficiency evaluation

The hydrolysis efficiency was calculated using the following
equation:

Hydrolysis efficiency (%) =
(

Ch × Vh

C0 × V0

)
× 100% (1)

where C0 is the initial concentration of FBCL (�g/mL), which is the
sum of the concentrations of S, SA, DS and GS); V0 is the volume of
the initial solution (mL); Ch is the hydrolysis equilibrium concentra-
tion of FBCL (�g/mL), which is the sum of the hydrolysis equilibrium
concentrations of S, SA, DS and GS; and Vh is the volume of the
hydrolysis equilibrium solution (mL).

3.2. Adsorption and desorption evaluation

The adsorption was  evaluated using the following equation:

Qe = (C0 − Ce) × Vi × (1 − M)  × W (2)

where Qe is the adsorption capacity at adsorption equilibrium (�g/g
anhydrous resin); C0 and Ce are the initial and equilibrium concen-
trations of FBCL, respectively (�g/mL); Vi is the volume of the initial
sample solution (mL); M is moisture content; and W is the mass of
resin (g).

Desorption was  evaluated using the following equations:

Qd = Cd × Vd(1 − M)  × W (3)

D (%) = Qd × 100% = Cd × Vd × (C0 − Ce) × Vi × 100% (4)

Qe

where Qd is the desorption capacity after adsorption equilibrium
(�g/g anhydrous resin); Cd is the concentration of FBCL in the
desorption solution (�g/mL); Vd is the volume of the desorption

S chromatograms and molecular structures of the following four standards: (1)
n [GS].
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Fig. 3. Static hydrolysis testing for the effect of (a) temperature, (b) hydrolysis time,
(c)  catalyst quantity, and (d) ethanol volume fraction on the hydrolysis efficiency of
C.-h. Ma et al. / J. Chroma

olution (mL); D is the desorption ratio (%); and C0, Ce, Vi and M are
s described above.

.3. Adsorption isotherms

The Langmuir adsorption model can be expressed by the follow-
ng equation:

e = Qm
Ce

(K + Ce)
(5)

here Qe (�g/g) is the concentration of solute per mass of adsorbent
solid phase), also known as the adsorptive capacity; Ce (�g/mL) is
he concentration of solute in solution (liquid phase) at equilib-
ium; K is the Langmuir constant; and Qm is an empirical constant.

The Freundlich equation can be expressed as follows:

e = KC1/n
e (6)

nd in the form:

n Qe = ln K + 1
n

ln Ce (7)

here K is the Freundlich constant, which is an indicator of adsorp-
ion capacity; and 1/n  is an empirical constant related to the

agnitude of the adsorption driving force.

.4. Purity evaluation

The purity was evaluated using the following equation:

 = MFBCL

MT
× 100% (8)

here P is the purity of FBCL (%); MFBCL is the mass of FBCL in the
ry products (mg); and MT is the total mass of dry products (mg).

. Results and discussion

.1. Analysis of LC–ESI-MS

According to the spectrum of S. chinensis standards (Fig. 2), in
he positive ion mode, the first-order mass spectrum of S is proto-
ated quasi-molecular ion form [M+H]+ (m/z 433) and water loss

on peak [M+H−H2O]+ (m/z 415). The first-order mass spectrum of
A is protonated quasi-molecular ion form [M+H]+ (m/z 537) and
M+H−C6H5COOH]+ (m/z 415). The first-order mass spectrum of DS
nd GS are protonated quasi-molecular ion form [M+H]+ (m/z 417),
M+H]+ (m/z 401) broke, respectively. Compared the mass-charge-
atio (m/z) with the data from literatures [33], the major molecular
on peaks were the initially identified, indicating that hydrolysis
oes not change the base core structure of biphenyl cyclooctene

ignans.

.2. Static process

The shaking is important to make sure that all of the resin comes
nto contact with the solution and the results are as accurate as pos-
ible. However, it causes resins broken under the excessive speed
haking or with a long time period. Through the pre-test, the mor-
hology and particle size of resin were little changed at 100 rpm
haking speed within 12 h.

.2.1. Static hydrolysis of EBBCL
.2.1.1. Screening of ion exchange resins. Selection of the most
avorable ion exchange resin was based on the hydrolysis efficiency
nd the hydrolysis speed. The hydrolysis efficiencies of all the resins
ested in this study are shown in Supplementary information Table
EBBCL.

S1.  In the test, among four types of ion exchange resins, the hydroly-
sis efficiency of 201 × 7 OH− (136.7 ± 4.7%) was  the highest. Hence,
compared with acid hydrolysis, alkaline hydrolysis is more com-
plete. The 201 × 7 catalyst is a gel-type microporous resin. The

amount of FBCL in the desorption solution was only 1.3% of crude
extract solution, because the adsorption on the microporous ion
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Table 1
Parameters of the Langmuir and Freundlich equations.

Temperature

20 ◦C 30 ◦C 40 ◦C 50 ◦C

Freundlich equation Qe = 5.22C0.7554
e Qe = 3.84C0.8241

e Qe = 2.17C0.7677
e Qe = 1.24C0.8846

e

1/n  0.7554 0.8241 0.7677 0.8846
K  5.22 3.84 2.17 1.24
R2 0.9946 0.9740 0.9530 0.8655
Langmuir equation Qe = 4.2650Ce/(4.6354 + Ce) Qe = 3.0450Ce/(3.2296 + Ce) Qe = 1.8200Ce/(1.7954 + Ce) Qe = 0.9250Ce/(0.9337 + Ce)
Qm 4.2650 3.0450 1.8200 0.9250
K  4.6354 3.2296 1.7954 0.9337
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R2 0.9703 0.9575 

xchange resin was very low. Consequently, taking into account
he cost, the desorption process was not required.

.2.1.2. Effect of temperature. The effect of temperature on the
ydrolysis of EBBCL was studied from 25 to 75 ◦C with 201 × 7
esin as catalyst. The experimental results are displayed in Fig. 3(a).
elow 45 ◦C, the hydrolysis efficiency was little changed, and
5–75 ◦C, it improved as the temperature increased because the
ydrolysis reaction is endothermic. Ethanol is considered to be a
afe and environmentally friendly organic solvent to use as the
ydrolysis solvent. However, above 75 ◦C under normal pressure,
he volatility of ethanol increases. Use of the high-pressure reaction
quipment in the higher temperature hydrolysis process meant
hat the ethanol requirements, and therefore the cost of the process,
ncreased and the safety decreased. In consideration of this, 75 ◦C

as selected as the hydrolysis temperature for EBBCL hydrolysis.

.2.1.3. Hydrolysis kinetics. Hydrolysis kinetic curves for EBBCL on
01 × 7 resin were obtained at 75 ◦C (Fig. 3(b)). The hydrolysis effi-
iency of EBBCL improved as the hydrolysis time increased, and
eached equilibrium at about 2 h. In the first 1 h, the hydrolysis
fficiency improved rapidly, and after 1 h the efficiency approached
quilibrium.

.2.1.4. Effect of catalyst quantity. The catalyst quantity was  an
mportant parameter in the hydrolysis reaction test. Higher catalyst
oading meant the equilibrium was reached sooner because of an
ncrease of the total number of basic sites available for the reaction
Fig. 3(c)). The appropriate amount of catalyst was 2.50 g per 50 mL
f target solution. If <2.50 g of catalyst was used, the hydrolysis rate
ecreased, and >2.50 g of catalyst resulted in unnecessary waste.

.2.1.5. Effect of ethanol volume fraction on hydrolysis efficiency. In
rder to investigate effect of the moisture content in solution on
ydrolysis efficiency, the volume fraction of ethanol as a variable,
e studied the incremental change in the static hydrolysis test.

rom Fig. 3(d), we can see the moisture content only a little effect
n hydrolysis of DS and GS, when the ethanol volume fraction is
ess than 95%. However, there is little effect on average hydroly-
is efficiency of EBBCL. When the ethanol volume fraction is less
han 70%, the solubility of FBCL is decreased sharply, and more
han 95% ethanol cause inconvenience recycling. Considering the
ull dissolution of FBCL and the solvent recycling issues, 90% ethanol
olution was better as the hydrolysis medium for easy experimental
peration.

.2.2. Static adsorption of FBCL
.2.2.1. Screening of macroporous resins. The appropriate macrop-
rous resin was selected based on the capacity of adsorption and
esorption, the ratio of desorption, and the adsorption speed. The
dsorption capacity and the desorption capacity of all the resins
0.9343 0.8204

tested in this study are shown in Supplementary information Table
S2. FBCL are non-polar compounds, which meant the non-polar
HPD5000 resin had highest adsorption capacity (4638 ± 261 �g/g)
and higher desorption ratio (93.12 ± 3.3%) for FBCL among the
resins tested. The HPD5000 resin has a bigger average pore diam-
eter than the other resins, and this aided desorption. However,
the selectivity of a single solute in multi-solute system decreased
because of the increase of average pore diameter, which resulted in
a high desorption ratio but low adsorption and desorption capac-
ities [34]. Comprehensive evaluation of the adsorption capacities
and desorption ratios indicated that HPD5000 resin was best among
the resins for separation of FBCL, and it was  used in subsequent
experiments.

4.2.2.2. Effect of ethanol volume fraction on adsorption. Adsorp-
tion and desorption of FBCL on macroporous resin is the result
of competing interactions between the intermolecular forces of
adsorption on the macroporous resin and dissolution in the sol-
vent. When intermolecular forces are dominant, FBCL adsorbs on
the resin, and vice versa. Consequently, lower ethanol volume frac-
tion makes the adsorption easier, however, if the ethanol volume
fraction is too low, FBCL will co-precipitate along with other impu-
rities, such as proteins, tannins and pigments, and adsorption does
not happen easily. Therefore, the liquid after hydrolysis was  mixed
with deionized water in a 1:1 ratio for use in the static adsorption
process.

4.2.2.3. Adsorption and desorption kinetics curves. The adsorption
and desorption kinetics curves for FBCL on HPD5000 resin are
shown in Fig. 4. The adsorption capacity of FBCL increased with the
adsorption time and tended to equilibrate at about 5 h (Fig. 4(a)). In
the first 3 h, the adsorption capacity increased slowly, and between
3 and 5 h it increased rapidly, while after 5 h the slope of curve
indicated equilibrium was reached. The desorption ratio of FBCL
increased with desorption time, and reached equilibrium at about
4 h (Fig. 4(b)).

4.2.2.4. Adsorption isotherms. Adsorption isotherms of FBCL on
HPD5000 resin were obtained at four different temperatures
(Supplementary information Fig. S). With the same initial concen-
tration of FBCL after hydrolysis, the adsorption capacities decreased
as the temperature increased from 20 to 50 ◦C, and the adsorption
was  slower than desorption, which implies that the adsorption pro-
cess is exothermic. This indicates the adsorption process should be
carried out at lower temperatures. Similar equilibrium isotherms
were obtained for S, SA, DS and GS in Supplementary information
Table S3 with initial FBCL concentrations of 58.0, 116.1, 232.3, 464.7

and 929.6 �g/mL, respectively.

The Langmuir and Freundlich parameters are summarized in
Table 1. These results indicated that the adsorption process was
a mono molecule layer adsorption. The correlation coefficient of
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Table  2
Results of the dynamic test.

The results of dynamic test Before hydrolysis After 201 × 7
hydrolysis

After HPD5000
purification

After 201 × 7
hydrolysis combined
with HPD5000
purification

Concentration of FBCL (%) 100.0 ± 4.4 146.7 ± 5.0 90.0 ± 3.8 132.1 ± 4.7
Puritya of FBCL (%) 1.75 ± 0.05 5.14 ± 0.24 79.67 ± 0.67 80.91 ± 3.53
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a Merged and concentrated the samples in a rotary evaporator under vacuum an

angmuir equation at 20 ◦C was 0.9946 the highest of all the
emperatures investigated (0.9740 at 30 ◦C, 0.9530 at 40 ◦C and
.8655 at 50 ◦C). The Langmuir equation at 20 ◦C provided the best
escription of the adsorption behavior of FBCL on HPD5000 resin.
herefore, 20 ◦C was selected as the adsorption temperature.

.3. Dynamic process

.3.1. Dynamic hydrolysis
The dynamic hydrolysis efficiency for crude extract solution

200 mL,  70 ◦C, flow rate 0.5 × BV/h) passed through a fixed-bed
olumn reactor filled with of 201 × 7 resin (60.0 g dry weight, BV
00 mL)  was 146.7 ± 5.0%. This was slightly larger than the hydrol-
sis efficiency of static testing. The purity of FBCL (Table 2) in the
roduct increased to nearly threefold compared to which of FBCL

n the product before hydrolysis.

.3.2. Dynamic adsorption and desorption
Dynamic adsorption and desorption using a wet-packed (24.0 g
f HPD5000 resin, BV 33 mL)  fixed-bed column separator gave a
BCL concentration of 464.75 �g/mL after hydrolysis.

ig. 4. The adsorption (a) and desorption (b) kinetic curves for FBCL on HPD5000
esin.
lated the purity of FBCL after weighting the dried solids.

4.3.2.1. Dynamic leakage curves. When the maximum quantity of
solute has adsorbed on the resin, adsorption decreases or stops, and
the solute desorbs from the resin. Consequently, it is important to
construct leakage curves to evaluate the quantity of resin, the vol-
ume of sample solution, and the appropriate sample flow rate. The
dynamic leakage curves obtained on the HPD5000 resin were based
on the volume of eluent and the flow rate. The results are shown in
Fig. 5(a). At the lowest flow rate of three times the BV per hour, the
best adsorption performance was  obtained, which is likely because
of better particle diffusion in the sample solutions. However, the
lower flow rate increased the experimental time. Despite this, three
times the BV per hour was chosen as the most appropriate sample
flow rate for further experiments. Under this condition, the volume
of sample solution was approximately 13 times the BV.

4.3.2.2. Dynamic desorption curves. Dynamic desorption curves on
HPD5000 resin were obtained based on the volume and flow rate
of the desorption solution. Ethanol–water solutions with differ-
ent volume fractions (50:50, 70:30, 90:10, v/v) were used for the
desorption tests. As the ethanol volume fraction increased, the des-
orption ratio increased rapidly (Fig. 5(b)). To ensure efficiency and
economy of the process, ethanol–water (90:10, v/v) solution was
selected as the desorption solution and used in the dynamic des-
orption experiment.

The flow rates investigated in this test were 2, 3 and 4 BV/h. At
the flow rate of 2 BV/h, FBCL was  totally desorbed with a solvent
volume of 6 BV (Fig. 5(c)). By comparison, at the flow rates of 3 and
4 BV/h, FBCL was  totally desorbed with a solvent volume of 7 and
8 BV, respectively. These results indicate that the lower desorption
flow rate produced the most concentrated product among the flow
rates tested. Therefore, this flow rate is better for the adsorption in
terms of lower solvent use and high efficiency.

The dynamic adsorption and desorption results and optimized
parameters can be summarized as follows. For adsorption, the con-
centration of FBCL in the sample solution after hydrolysis was
464.75 �g/mL. The processing volume was  430 mL  (13 BV), and
the flow rate was  3 BV/h. And then be washed with 3 BV deion-
ized water at a flow rate of 3 BV/h. For desorption, the elution
solvent was ethanol–water (90:10, v/v) 200 mL  (6 BV) at a flow
rate of 2 BV/h. Samples after purification by HPD5000 resin were
combined, concentrated in a rotary evaporator, and dried under
vacuum, the purity of FBCL increased 15.5-fold from 5.14% to
79.67%, and the FBCL recovery was  90.04% (Table 2).

4.4. Results of dynamic hydrolysis combined with dynamic
adsorption and desorption test

Dynamic hydrolysis combined with dynamic adsorption and

desorption test was conducted under the conditions shown in Sec-
tion 2.6 with 201 × 7 and HPD5000 resins. The yield and purity of
FBCL (Table 2) in the product were 132.1 ± 4.7% and 80.91 ± 3.53%,
respectively.
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.5. Reuse of resins in continuous processes

The exhausted resins were regenerated as described in Section
.7. After the resins had been regenerated 10 times, their hydrolysis
ensities and adsorption capacities had decreased to 86.26% and
9.34% of their initial values. This indicates that the regenerated
esin could be used in a continuous process for FBCL purification.

. Conclusions

In this study, an efficient automated and continuous system for
urifying FBCL using ion exchange resin and macroporous resin
as developed. The catalytic hydrolysis of EBBCL, simultaneous

emoval of impurities, and production of FBCL was readily achieved
n a simple and economic manner. The optimum dynamic hydrol-
sis combined with adsorption and desorption was performed
ith crude solution (400 mL)  pumped through a fixed-bed column
eactor at a flow rate of 50 mL/h. The fixed-bed column sepa-
ator was then washed with deionized water at a flow rate of

 BV/h, and ethanol–water (90:10, v/v) at 2 BV/h. The yield and the
urity of FBCL in the product were 132.1 ± 4.7% and 80.91 ± 3.53%,
ves with different ethanol volume fractions, and (c) the dynamic desorption curve

respectively. This method could be used for efficient purification
of FBCL from S. chinensis. Satisfactory regeneration of the 201 × 7
and HPD5000 resins indicates that the process could be applied for
industrial purification of plant constituents.
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