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In this study,  the  adsorption/desorption  characteristics  of  quercetin,  luteolin  and  apigenin  from  Flos  populi
extract (Populus  tomentosa  Carrière,  Salicaceae)  on  twelve  macroporous  resins  (NKA-9,  HPD-600,  HPD-
826,  HPD-750,  HPD-400,  DM-130,  AB-8,  SP-825,  X-5,  D-101,  HPD-100,  HPD-200)  were  evaluated.  Both
high  adsorption  and  desorption  capacities  of quercetin,  luteolin  and  apigenin  from  Flos  populi  extract  on
SP-825  resin  indicated  that  SP-825  resin  was  appropriate  and  its data  were  well  fitted  to  the  Langmuir
and  Freundlich  isotherms.  To  get the  optimal  separation  process,  the  influences  of  factors  such  as flow
rates,  loading  sample  volumes,  concentrations  of  desorption  solution  were  further  investigated.  Column
packed  with  SP-825  resin  was  used  to perform  dynamic  adsorption  and  desorption  experiments.  After
one  round  of treatment,  the contents  of  quercetin,  luteolin  and  apigenin  in the final  products  were  3.75-
los populi

nrichment fold,  3.67-fold  and  3.54-fold  increased  with  recovery  yields  of  87.25,  85.19  and  82.22%,  respectively.
The  results  showed  that  the  preparative  enrichment  of quercetin,  luteolin  and  apigenin  was available
via  adsorption  and  desorption  on  SP-825  resin.  This  method  is  a promising  basis  for  the  large-scale
preparation  of  quercetin,  luteolin  and  apigenin  from  Flos  populi.

© 2018  Sociedade  Brasileira  de Farmacognosia.  Published  by Elsevier  Editora  Ltda.  This  is  an open
he  CC
access  article  under  t

ntroduction

Flos populi,  prepared from the male inflorescence of Populus
omentosa Carrière, Salicaceae, is used as a traditional medicine
n China (Chinese Pharmacopoeia, 2015). It is indigenous to China
nd is widely distributed due to its tolerance to a wide range of
limatic conditions. Research has indicated that Flos populi con-
ains flavonoids, cardiac glycosides and phenolic compounds (Zhao
t al., 2014); it is used in the treatment of a variety of inflamma-
ory diseases (Xu et al., 2014) and as an antidiarrheal agent in
ast Asian countries (Xu et al., 2013). The medicinal use of Flos
opuli has attracted scientific interest in the screening of its bioac-
ive constituents for potential pharmacological utilization. Several
ioactive compounds have been identified in Flos populi,  such as
uercetin, luteolin and apigenin (Si et al., 2010). The pharmaco-

ogical efficacy and application potential of these compounds were
rimarily due to their antitumor, anti-inflammation, antioxidant,

nti-cancer, anti-diabetic, antiviral and anti-allergic activities (Shao
t al., 2013; Feng et al., 2015; Wu et al., 2015; Chiow et al., 2016;
u et al., 2016). However, owing to the low content of these com-
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pounds in Flos populi,  poor activities were often observed. As such,
it is necessary to develop an effective purification strategy to obtain
quercetin, luteolin and apigenin in high purity for potential phar-
maceutical applications. Currently, methods for the purification of
bioactive compounds – including ion exchange (Smith and Evans,
1995), liquid-liquid extraction (Amelio et al., 2016; Mun  et al.,
2016), and high-speed counter-current chromatography (Liu et al.,
2010a; Liu et al., 2010b) have been developed. However, these
established methods possess several disadvantages, such as low
recovery, low capacity, solvent waste, high cost, time-consuming
processes, the requirement for special instruments and environ-
mental pollution. Therefore, these methods are not suitable for
large-scale industrial production (Chang et al., 2012; Xi et al., 2015).
Presently, quercetin, luteolin and apigenin are only obtained in
small quantities and at high cost. Due to its significant pharmaco-
logical potential, the application of a low-cost technology to enrich
quercetin, luteolin and apigenin from Flos populi is a rational strat-
egy. Macroporous resins have a variety of characteristics, including
their polarity, material, particle size, large surface area, high stabil-
ity and pore diameter, and are relatively inexpensive, are easy to

preprocess and retrieve and are suitable for large-scale production
(Li et al., 2013; Yang et al., 2016). Therefore, macroporous resins
have been widely used in the separation and purification of many
secondary metabolites such as flavonoids, glycosides, saponins,
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lkaloids, and lignans (Liu et al., 2013; Torres et al., 2014). However,
here is no literature reported regarding the use of macroporous
esins to enrich and purify quercetin, luteolin and apigenin from
los populi extracts.

In our previous study, we had optimized the ultrasound-assisted
xtraction process of quercetin, luteolin and apigenin from Flos
opuli (Wang et al., 2018). Consequently, this work aimed to inves-
igate the adsorption properties of twelve macroporous resins with
ifferent polarities for the purification of quercetin, luteolin and
pigenin from Flos populi.  The adsorption mechanism was opti-
ized by analyzing the adsorption isotherms with Langmuir and

reundlich equations at different temperatures, and the purifica-
ion parameters were elaborated by static and dynamic adsorption
nd desorption tests. This study provides a technical method to
urther utilize this potentially valuable resource.

aterials and methods

lant materials and chemicals

Flos populi (male inflorescence of Populus tomentosa Carrière,
alicaceae,) was purchased from a medicinal herbs store (Anguo,
ebei Province, China) and authenticated by Associate Profes-

or Junkai Wu (Heilongjiang University of Traditional Chinese
edicine, Harbin, China). The voucher specimen (accession no.

009015ch) was deposited at the Herbarium in the College of Vet-
rinary Medicine, Northeast Agricultural University.

Standards (quercetin, luteolin and apigenin) were obtained from
he Chinese Institute for the Control of Pharmaceutical and Biologi-
al Products (Beijing, China). Their purities meet with the standard
f the reference material (>98%, w/w). HCl, NaOH, ethanol (ana-
ytical grade) and methanol (HPLC grade) were acquired from the
angzhou Reagent Company (Hangzhou, PR China). Distilled water
as purified with a Milli-Q academic water purification system

Millipore, Bedford, MA,  USA).
HPD 100, HPD 200, HPD 400, HPD 600, HPD 750, HPD 826 resins

ere purchased from Cangzhou Bon Adsorber Technology Co., Ltd.
Cangzhou, Hebei Province, China), NKA-9, D-101, X-5 and AB-8
ere products of NankaiHecheng S & T Co., Ltd. (Tianjin, China).
M 130 resin was product of Shandong Lukang Co., Ltd. (Shandong,
hina). SP-825 resin was product of Mitsubishi Chemical Corpora-
ion of Japan (Japan). The chemistry and physical characteristics of
he twelve different macroporous resins used in this study are sum-

arized in Table 1. To remove undesired substances trapped inside
he resin pores during resin manufacturing, such as monomers and
orogenic agents, the resins were subjected to pretreatment. Resins
ere soaked in ethanol overnight, washed with distilled water to

ompletely remove the ethanol, and then treated with two  bed vol-
mes (BV) of 5% (v/v) HCl solution and 5% (m/m)  NaOH solution,
espectively. Finally, the resins were washed in distilled water until
he washing fluid is neutralized.

ltrasonic assisted solvent extraction

Flos populi was ultrasonic extracted twice with 30% ethanol at
0 ◦C (liquid–solid ratio, 10 ml/g) for 15 min  using a KQ-2200DB
ltrasonic bath (Kunshan Ultrasound Instrument Co., Ltd., Jiangsu,
hina) with frequency 40 kHz and 100 W.  The extract was col-

ected and filtered through a 10 �m membrane (Beijing Honghulian

hemical Co. Ltd.), and the filtrate was evaporated to dryness in a
otary evaporator at 60 ◦C, and later lyophilized in a freeze-dryer
ystem (Labconco FreeZone 6, USA). The crude extract was  dis-
olved to an appropriate concentration for analysis.
rmacognosia 29 (2019) 69–76

HPLC analysis of quercetin, luteolin and apigenin

Quantification of quercetin, luteolin and apigenin was  deter-
mined by RP-HPLC. A Shimadzu HPLC system equipped with an
LC-10ATVP binary pump, SPD-10AVP detector, CTO-10ASVP col-
umn  oven and N300 workstation was used for quantitative analysis.
A C18 column (150 mm × 4.6 mm i.d., 5 �m,  Diamonsil, Dikma Tech-
nologies, China) was used for separation of the compounds. Elution
was performed with mobile phase A (0.1% formic acid aqueous solu-
tion) and mobile phase B (methanol). The flow rate was 1 ml  min−1

with a 50 min  gradient as follows: 0–23 min, 65% B; 23–24 min,
65–90% B; 24–34 min, 90% B; 34–35 min, and 90%–65% B, fol-
lowed by 15 min  of re-equilibration of the column before the next
run. The column temperature was  maintained at 30 ◦C. The detec-
tion wavelength was 254 nm.  All solutions were filtered through
a 0.45 �m membrane (Lab Instrument Co. Ltd.) before injection.
Quantification was  performed using an external standard method
using a five-point calibration curve. The chromatographic peaks of
quercetin, luteolin and apigenin in the sample were identified by
their retention times.

Static adsorption and desorption tests for screening of resins

Static adsorption and desorption tests were performed as fol-
lows: pretreated resins (1 g) were placed into 250 ml  conical flasks
with stoppers, and 50 ml  of sample aqueous solution with an initial
quercetin concentration of 70 �g ml−1 was added to each flask. The
flasks were shaken at 120 rpm for 12 h at 25 ◦C. After adsorption,
the resins were filtered and washed with 50 ml  of distilled water,
and 50 ml  of 70% ethanol (v/v) solution was  added for desorption.
The contents of quercetin, luteolin and apigenin in the desorbed
solutions after adsorption and desorption were tested using HPLC.
According to their adsorption capacities, desorption capacities and
desorption ratios, the candidate resins were selected. The adsorp-
tion capacity, desorption capacity and desorption ratio of the resins
were calculated according to the following equations:

Qe (mg/g) = V0 × (C0 − Ce)
W

(1)

Qd (mg/g) = VdCd

W
(2)

D (%) = VdCd

V0 × (C0 − Ce)
× 100 (3)

where Qe represents the adsorption capacity at adsorption equi-
librium (mg/g dry resin); Qd represents the desorption capacity
after adsorption equilibrium (mg/g dry resin); D represents the
desorption ratio (%); C0 and Ce are the initial and equilibrium con-
centrations of quercetin, luteolin and apigenin in the solutions
(mg  ml−1), respectively; V0 is the volume of the initial sample solu-
tion (ml); W is the weight of the tested dry resin (g); Vd is the volume
of the desorption solution (ml); and Cd represents the concentra-
tion of quercetin, luteolin and apigenin in the desorption solution
(mg  ml−1).

The effect of the initial pH on the adsorption of quercetin, lute-
olin and apigenin in the crude extract on SP-825 resin was  studied
at pH 3–7 (pH 3, 5 and 7). Pre-weighed amounts of SP-825 resin
(equal to 1 g of dry resin) were added to 50 ml crude extract solu-
tions (quercetin 70 �g ml−1) with shaking (120 rpm) for 6 h at 25 ◦C.
The sample pH was adjusted to the desired value with hydrochloric
acid or an ammonia solution.
Adsorption kinetics

To obtain the adsorption kinetics curve of quercetin, luteolin and
apigenin on SP-825 resin, the pretreated hydrated resins (2 g, dry
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Table  1
Chemical and physical of adsorbent resins.

Resins Polarity Structure Crosslinking agent Surface area (m2/g) Average pore diameter (nm) Particle diameter (mm)

NKA-9 Polar Acrylamide – 250–290 15.5–16.5 0.30–1.25
HPD-600 Polar Acrylamide – 550–600 8.0 0.30–1.20
HPD-826 Middle-polar Acrylate Dimethylmethacrylate 500–600 9.0–10.0 0.30–1.25
HPD-750 Middle-polar Acrylate Dimethylmethacrylate 650–700 8.5–9.0 0.30–1.20
HPD-400 Middle-polar Acrylate Dimethylmethacrylate 500–550 7.5–8.0 0.30–1.20
DM-130 Weak-polar Styrene Divinylbenzene 500–550 9.0–10.0 0.30–1.25
AB-8  Weak-polar Styrene Divinylbenzene 480–520 13.0–14.0 0.30–1.25
SP-825 Weak-polar Styrene Divinylbenzene 1050 11.4 0.25–1.25
X-5  Non-polar Styrene Divinylbenzene 500–600 29.0–30.0 0.30–1.25
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D-101 Non-polar Styrene Divinylbenzene 

HPD-100 Non-polar Styrene Divinylbenzene 

HPD-200 Non-polar Styrene Divinylbenzene 

eight) and 100 ml  sample solutions with an initial quercetin con-
entration of 70 �g ml−1 were added to 250 ml  Erlenmeyer flasks
ith a stopper. The flasks were continually shaken in a thermostatic

scillator at 25 ◦C at a shaking speed of 120 rpm for 24 h. After with-
rawing 0.5 ml  of each extract solution at the time points of 0.5, 1,
.5, 2, 2.5, 3, 4, 5, 6, 7, 8, 9, 10 and 24 h, the quercetin, luteolin and
pigenin content of each sample were determined.

dsorption isotherms

To further explore the adsorption properties of quercetin, lute-
lin and apigenin on the SP-825 resin, the equilibrium adsorption
sotherms were studied by adding 50 ml  of aqueous solution with
ifferent initial concentrations (23–115 �g ml−1, 5.5–27.5 �g ml−1

nd 7.7–38.6 �g ml−1 for quercetin, luteolin and apigenin, respec-
ively) to the SP-825 resin at 25, 35 and 45 ◦C. After adsorption,
he contents of quercetin, luteolin and apigenin in the samples
ere measured, and their degrees of fitness to the Langmuir and

reundlich equations were evaluated. The Langmuir model can be
escribed as the following mathematical formula:

e = QmKLCe

1 + KLCe
(4)

here Ce and Qe is the same as in Eq. (1); KL (mg  ml−1) is the Lang-
uir constant; and Qm (mg/g resin) is the maximum adsorption

apacity.
The Freundlich model can be expressed by the following math-

matical formula:

e = KF × C1/n
e (5)

here KF is the Freundlich constant, an indicator of adsorption
apacity, and 1/n is an empirical constant related to the magnitude
f the adsorption driving force.

ynamic adsorption/desorption tests

Dynamic adsorption/desorption tests were conducted in a glass
olumn (inner diameter 15 mm,  length 30 mm)  packed with SP-825
esin (5 g, dry weight). The bed volume (BV) was approximately
8 ml.  Sample solution containing 70 �g ml−1 quercetin was care-
ully loaded onto the resin column at a flow rate of 2 BV/h. The
emperature was maintained at 25 ◦C. The effect of flow rates on
he adsorption capacities and dynamic breakthrough tests were
rst performed. To investigate the effect of different flow rates and

oading sample volumes on dynamic adsorption, flow rates varied
rom 1 BV/h to 4 BV/h, and loading volumes of sample solutions

aried from 5 BV to 35 BV.

After the SP-825 resin was saturated with quercetin, luteolin
nd apigenin, the resin column was washed with distilled water
nd 10, 20, 30, 40, 50, 60, 70, and 80% ethanol with in the isocratic
0–520 25.0–28.0 0.30–1.25
0–700 8.5–9.0 0.30–1.25
0–750 8.5–9.0 0.30–1.25

mode at a flow rate of 2 BV/h. The elution volume of each con-
centration was  kept constant at 5 BV. The contents of quercetin,
luteolin and apigenin in each eluent were detected by HPLC and
concentrated to dryness under vacuum. The elution volume of each
ethanol concentration was  adjusted with monitoring by HPLC.

Laboratory preparative-scale separation

Flos populi extract (150 g) was dissolved in distilled water. The
sample solution (quercetin 70 �g ml−1, pH 5.0) was applied to a
glass column (inner diameter 7.5 cm,  length 100 cm)  packed with
SP-825 resin (500 g, dry weight). The bed volume (BV) was  approxi-
mately 2.8 ml.  The column was washed with 5 BV of distilled water,
and 5 BV of 20% ethanol was  used to remove highly polar impuri-
ties. Quercetin, luteolin and apigenin were eluted from the column
using 5 BV of 50% ethanol. The flow rate of each gradient elution
was set at 2 BV/h, and the 50% (v/v) ethanol desorption solution
was collected, concentrated and dried.

Results and discussion

Adsorption and desorption capacities, desorption ratio of the
resins

The equations of regression for quercetin, luteolin and apigenin
were Y = 6 × 107X − 328010 (R2 = 0.9969), Y = 6 × 107X + 32740
(R2 = 0.9991) and Y = 5 × 107X + 62543 (R2 = 0.9990), respectively,
where Y is the peak area and X is the concentration (�g ml−1).
The contents of quercetin, luteolin and apigenin in the Flos populi
extract were 13.40 mg/g, 3.20 mg/g and 4.50 mg/g, respectively.
To select the appropriate resin for enriching quercetin, luteolin
and apigenin from Flos populi extract, twelve macroporous resins
ranging from non-polar to polar were tested and their adsorp-
tion/desorption capacities and desorption ratios are shown in Fig. 1.
Compared to other resins, NKA-9, AB-8, SP-825, HPD-750, HPD-
100, HPD-400 and HPD-200 had much higher adsorption capacities
(3.07–3.59 mg/g for quercetin, 0.48–0.71 mg/g for luteolin and
0.59–1.07 mg/g for apigenin). NKA-9, AB-8, HPD-750, HPD-100 and
HPD-400 did not show good desorption capacities (0.30–1.14 mg/g
for quercetin, 0.15–0.42 mg/g for luteolin, 0.19–0.50 mg/g for
apigenin). Only SP-825 and HPD-200 resins exhibited desorption
characteristics (2.88–2.26 mg/g for quercetin, 0.49–0.61 mg/g for
quercetin, 0.85–0.88 mg/g for apigenin). This correlates with the
physical features (polarity, surface area, average pore diameter of
the resins, etc.) and chemical capability (the synergistic effect of
hydrogen bond interactions) (Sandhu and Gu, 2013).

X-5 and D-101 resins exhibited low adsorption capacities due to

their lower surface areas. The middle-polar HPD-826 and DM-130
resins and the polar HPD-600 resin also exhibited poor adsorption
capacities not only because of their lower surface areas, but also
because of their different polarity with the weak-polar compounds
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Fig. 1. Adsorption, desorption capacities and desorption rati

uercetin, luteolin and apigenin. The NKA-9, AB-8, HPD-750, HPD-
00 and HPD-400 resins also had good adsorption capability.
owever, they possessed a strong affinity for solute so that the
esorption capacities of quercetin, luteolin and apigenin on these
esin was actually not notable. The weak-polar SP-825 and non-
olar HPD-200 resins exhibited better adsorption and desorption
apacities due to their higher surface areas and their similar polarity
ith the weak-polar compounds quercetin, luteolin and apigenin.

n addition, the synergistic effect of hydrogen bond interactions
ay  play an important role in the adsorption of the two  resins.
he adsorption capacities of quercetin, luteolin and apigenin on SP-
25 resins were 3.59, 0.71 and 1.07 mg/g dry resin, with desorption
atios of 80.15%, 85.92% and 82.24%, respectively. The adsorption
apacities of quercetin, luteolin and apigenin on HPD-200 resins
 capacity Desorption ratio

ercetin (A), luteolin (B) and apigenin (C) on different resins.

were 3.07, 0.60 and 1.03 mg/g dry resin, with desorption ratios
of 96.54, 81.67 and 82.52%, respectively. Thus, adsorption kinetics
experiments were carried out on SP-825 and HPD-200 resins.

Adsorption kinetics

Adsorption equilibrium time was  obtained via static adsorption
kinetics for quercetin, luteolin and apigenin on HPD-200 and SP-
825 resins at 25 ◦C. As illustrated in Fig. 2, the equilibrium time
for quercetin, luteolin and apigenin was  5 h on SP-825, and 8 h on

HPD-200 resin. Moreover, the adsorption capacities of quercetin
and luteolin on SP-825 resin were slightly higher than the HPD-200
resin. Comparing the two  resins for their adsorption/desorption
capacities and desorption ratios, the SP-825 resin possessed many
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Table 2
Effect of sample solution pH value on the adsorption capacities of quercetin, luteolin
and apigenin on SP-825 resin.

pH value Adsorption capacity (mg/g resin)

Quercetin Luteolin Apigenin

3.0 2.44 ± 0.51 0.33 ± 0.06 0.81 ± 0.13
Y. Zhang et al. / Revista Brasileir

dvantages over the HPD-200 resin for quercetin, luteolin and api-
enin. The adsorption equilibrium for the three compounds was
bserved at approximately 5 h on the SP-825 resin. Therefore, 5 h
as sufficient to successfully reach adsorption equilibrium over

he entire system, and the SP-825 resin was selected as a suitable
esin for the enrichment of quercetin, luteolin and apigenin in the
ollowing experiments.

ffect of sample solution pH on adsorption capacity

The initial pH of an adsorption solution is an important param-
ter that can influence adsorption capacity (Zhang et al., 2008).
he pH determines the extent of ionization of quercetin, luteolin
nd apigenin molecules, thereby affecting their adsorption affinity.
s shown in Table 2, for the SP-825 resin, the adsorption capacity
ncreased first, reached its peak at pH 5.0, and then decreased
ith further increasing pH. These results indicated that hydrogen

onding may  play an important role in the adsorption process on
he SP-825 resin. At a higher pH, hydrogen bonding interactions
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ig. 2. Adsorption kinetics curves of quercetin (A), luteolin (B) and apigenin (C) on
PD-200 resin and SP-825 resin at 25 ◦C.
5.0 3.23 ± 0.41 0.72 ± 0.07 1.10 ± 0.15
7.0 3.20 ± 0.54 0.69 ± 0.05 1.05 ± 0.09

between flavonoids and the macroporous resin were reduced
because the phenolic hydroxyl groups in flavonoids dissociated to
H+ and the corresponding anions, resulting in a lower adsorption
capacity. Therefore, the pH of the sample solution was adjusted to
5.0 for the further tests.

Adsorption isotherms

The Langmuir and Freundlich equations are frequently used to

describe adsorption isotherms, which are relative simple and rea-
sonably accurate (Lin et al., 2012). As seen in Fig. 3, the adsorption
capacities increased with increasing equilibrium concentration and
reached a saturation plateau when the initial concentrations of
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Fig. 3. Adsorption isotherms for quercetin (A), luteolin (B) and apigenin (C) on SP-
825  resin at 25, 35 and 45 ◦C.
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Table 3
Langmuir and Freundlich adsorption parameters of quercetin, luteolin and apigenin on SP-825 resin at different temperatures.

Compound T (◦C) Langmuir equation R2 Qm (mg/g) Freundlich equation R2 1/n

Quercetin 25 Ce/Qe = 0.1682Ce+0.0006 0.9915 5.95 Qe = 32.59Ce
0.4253 0.9901 0.4253

35  Ce/Qe = 0.1945Ce+0.0006 0.9970 5.14 Qe = 24.84Ce
0.3823 0.9962 0.3823

45  Ce/Qe = 0.2172Ce+0.0006 0.9967 4.60 Qe = 20.13Ce
0.3524 0.9698 0.3524

Luteolin 25  Ce/Qe = 0.9145Ce+0.0006 0.9972 1.09 Qe = 8.49Ce
0.3702 0.9779 0.3702

35  Ce/Qe = 1.0831Ce+0.0005 0.9947 0.92 Qe = 4.79Ce
0.2963 0.9869 0.2963

45  Ce/Qe = 1.1932Ce+0.0005 0.9978 0.84 Qe = 3.39Ce
0.2534 0.9895 0.2534

1.58 Qe = 8.62Ce
0.3378 0.9839 0.3378

1.48 Qe = 7.45Ce
0.3194 0.9860 0.3194

1.38 Qe = 7.22Ce
0.3465 0.9944 0.3465
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Apigenin 25  Ce/Qe = 0.6332Ce+0.0006 0.9950 

35  Ce/Qe = 0.6763Ce+0.0006 0.9966 

45  Ce/Qe = 0.7251Ce+0.0006 0.9965

uercetin, luteolin and apigenin were 70, 16.5 and 23.2 �g ml−1.
hus, the initial quercetin, luteolin and apigenin concentrations of
0, 16.5 and 23.2 �g ml−1 in the sample solutions were used in the
ollowing tests.

The Langmuir equation well describes the adsorption behav-
or of a monomolecular layer, whereas the Freundlich equation
escribes the equilibrium conditions on heterogeneous surfaces
Liu et al., 2016). The Langmuir and Freundlich parameters at dif-
erent temperatures (25, 35 and 45 ◦C) are listed in Table 3. This
able lists the two isotherm equations at different temperatures
nd two parameters: Qm (obtained from the Langmuir isotherm)
nd 1/n  (obtained from the Freundlich isotherm). The correlation
oefficients of Langmuir equations (0.9915–0.9978) and Freundlich
quations (0.9698–0.9962) for quercetin, luteolin and apigenin on
P-825 resin were rather high, which showed that the two mod-
ls were suitable to describe the tested adsorption system in the
oncentration ranges studied. In the Freundlich equation, adsorp-
ion occurs easily when 1/n  is between 0.1 and 0.5, and does not
ccur easily if 1/n is above 1 (Liu et al., 2010a). In Table 3, 1/n  ranged
etween 0.1 and 0.5, indicating that the adsorption of flavonoids on
he SP-825 resin occurred easily. Therefore, the SP-825 resin was
ppropriate for enriching and separating quercetin, luteolin and
pigenin.

As seen from Fig. 3, at the same concentration, the adsorption
apacities decreased as temperature increased from 25 to 45 ◦C,
mplying that the adsorption process was a thermopositive process.
imilar results were obtained for the adsorption and desorption
f other flavonoids using a macroporous resin (Du et al., 2012).
herefore, 25 ◦C was selected as the adsorption temperature in the
ollowing experiments.

ffect of sample concentration on adsorption/desorption
apacities

The initial concentration of the sample solution of the Flos populi
xtract has an important effect on the affinity of quercetin, luteolin
nd apigenin to the SP-825 resin. The effect of the initial sample
olution of the Flos populi extract on static adsorption is shown in
ig. 4.

The adsorption capacity of the resin increases with the concen-
ration of the sample solution, but the adsorption ratio decreases.
he adsorption capacities increased directly with increasing con-
entration and reached a saturation plateau when the initial
oncentration of Flos populi extract was 45 mg  ml−1. However, the
dsorption ratio decreased at higher concentrations. When the con-
entration of the sample solution was low, the adsorption capacity
ncreased because the number of active sites related to flavonoids
ncreased. When the concentration of the sample solution of Flos

opuli extract increased, more impurities were adsorbed on the
P-825 resin, resulting in competition for active sites between
avonoids and impurities, which led to a slight drop in the adsorp-
ion ratio.
Fig. 4. Effects of initial concentration of sample solution on adsorption capacities
and adsorption ratios of quercetin (A), luteolin (B) and apigenin (C) on SP-825 resin.

Dynamic breakthrough curve

In general, solutes will leak from the resin due to a decrease
in adsorption affinity when the break point occurs (Zhao et al.,
2015). Therefore, it is necessary to establish breakthrough curves
to determine the quantity of resin and the feed volume of the sam-
ple solution. As shown in Fig. 5, luteolin and apigenin in solution

were almost absorbed by the resin before 10 BV, and then the
concentrations of luteolin and apigenin in the breakthrough solu-
tion increased rapidly until a steady plateau at 27 BV. In contrast,
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Fig. 5. Dynamic breakthrough curves of quercetin, luteolin and apigenin on SP-825
resin at 2 BV/h.

Table 4
Effect of flow rate on the adsorption capacities of quercetin, luteolin and apigenin
on  SP-825 resin.

Flow rate Adsorption capacity (mg/g resin)

Quercetin Luteolin Apigenin

1 BV/h 3.79 ± 0.04 0.80 ± 0.04 1.20 ± 0.01
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Fig. 6. Dynamic desorption curves of quercetin, luteolin and apigenin by different
elution solvents with same volume, 5 BV.

Table 5
Purification result of quercetin, luteolin and apigenin on column packed with SP-825
resin by final modified conditions.

Crude extract 50% ethanol fraction

Ws (g) 150.00 34.86
Cq (mg/g dry weight) 13.40 ± 0.21 50.31 ± 1.52
Cl (mg/g dry weight) 3.20 ± 0.15 11.73 ± 0.67
Ca (mg/g dry weight) 4.50 ± 0.07 15.92 ± 0.32
Rq (%) 87.25 ± 1.86
Rl (%) 85.19 ± 1.21
Ra (%) 82.22 ± 2.12

tion/desorption capacity. According to the static experimental
2  BV/h 3.70 ± 0.03 0.75 ± 0.05 1.15 ± 0.08
4  BV/h 2.68 ± 0.05 0.64 ± 0.04 0.80 ± 0.01

ith luteolin and apigenin, the steady plateau (30 BV) of quercetin
ccurred much later. Generally, breakthrough points are defined as
0% of the ratio of the concentration in the effluent to the original
oncentration (Sun et al., 2015). However, the breakthrough points
10%) were not the same for the three compounds, due to the differ-
nces in retention time. Luteolin and apigenin were leaked much
arlier than quercetin (Fig. 5). Quercetin could not reach adsorption
aturation if the feed volume of the sample solution was  selected in
ccordance with luteolin and apigenin. Hence, considering all three
ompounds, the feed volume of the sample solution on SP-825 resin
as determined to be 10 BV.

The effect of flow rate on dynamic adsorption capacities was
tudied with a constant loading volume of 10 BV. As shown in
able 4, an increase in flow rate had a negative effect on adsorption
apacity. The adsorption capacities decreased little as the flow rate
ncreased from 1 to 2 BV/h, but decreased greatly as the flow rate
ncreased from 2 to 4 BV/h. A fast flow rate may  result in insufficient
ime for quercetin, luteolin and apigenin to contact the active sites
f the SP-825 resin surface. Therefore, considering this efficiency,
he flow rate for loading the sample was maintained at a constant

 BV/h.

ynamic desorption of the SP-825 resin

Different concentrations of ethanol solution were used for the
ynamic desorption of quercetin, luteolin and apigenin at a flow
ate of 2 BV/h. Fig. 6 shows the profile of the desorption of quercetin,
uteolin and apigenin with different concentrations of ethanol solu-
ion, with the same volume of 5 BV, when the sample loading
as 10 BV. At 20% ethanol, luteolin and apigenin were hardly
esorbed, but a small amount of quercetin was detected. When
he ethanol concentration was over 20%, the desorption ability

ncreased and reached a peak value at 50% ethanol. Thus, 50%
thanol was deemed optimal to desorb quercetin, luteolin and api-
enin. When the ethanol concentration was 60%, 70% and 80%, more
Ws, weight of solids; Cq, content of quercetin; Rq, recovery of quercetin; Cl , content
of luteolin; Rl , recovery of luteolin; Ca, content of apigenin; Ra, recovery of apigenin.

impurities were desorbed. Hence, the final separation and purifi-
cation conditions for the three compounds were determined as
follows:

Adsorption: concentrations of quercetin, luteolin and apigenin
sample solutions of 70, 16.5 and 23.2 �g ml−1, respectively; pH 5;
sample loading amount, 10 BV; flow rate, 2 BV/h; and temperature,
25 ◦C.

Desorption:  distilled water and 20% ethanol, each 5 BV; then 50%
ethanol, 5 BV; and flow rate, 2 BV/h.

Laboratory preparative-scale separation

Laboratory preparative-scale separation was performed on a
SP-825 resin (500 g, wet weight) column using the optimized con-
ditions, and 34.86 g of the 50% ethanol fraction was obtained from
a Flos populi extract. As shown in Table 5, elution with 5 BV 50%
ethanol gave the quercetin-rich fraction with a content of 50.31%
and recovery yield of 87.25%, the luteolin-rich fraction with a con-
tent of 11.73% and recovery yield of 85.19%, and the apigenin-rich
fraction with a content of 15.92% and recovery yield of 82.22%.

Conclusions

In the current study, the enrichment process of quercetin,
luteolin and apigenin with macroporous resins from Flos populi
extract were successfully achieved. Based on the static experimen-
tal results, SP-825 was selected as a suitable resin for quercetin,
luteolin and apigenin enrichment, owing to its higher adsorp-
results with SP-825, it was  found that the experimental data fit-
ted best to Langmuir and Freundlich isotherms. The most effective
resin (SP-825) was successfully applied to obtain a product of
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uercetin, luteolin and apigenin with higher contents. This study
ay  serve as a reference for separating and enriching other bioac-

ive components from crude extracts of raw herbal materials using
acroporous resins.
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