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ABSTRACT: Three macroporous crosslinked poly(styrene-co-divinyl benzene) resins functionalized with p-phenylene diamine (PPDA),

p-aminophenol, and p-aminobenzoic acid (PANB) groups were prepared, and their adsorption characteristics for the flavonoid con-

stituents from the leaves of Olea europaea L were studied. The materials were characterized by Fourier transform infrared spectros-

copy. The specific surface area and the pore size distribution of the adsorbents were calculated by the Brunauer–Emmett–Teller and

Barrett-Joyner-Halenda methods. The results show that the materials had a faster adsorption rate and high adsorption capacities for

flavonoids, and PPDA had the highest adsorption capacity in comparison with the others. The isotherms could be fitted by the

Freundlich model, and the adsorption was an exothermic process. The adsorption kinetics could be characterized by the pseudo-

second-order rate equation, and the initial stage was controlled by the intraparticle diffusion model. This study contributes to the

remediation of adsorption for organic materials and active components of natural products and to the effects of different functional

groups on adsorption mechanisms. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40188.
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INTRODUCTION

Macroporous adsorption resins (MARs) are viewed as attractive

alternatives for separating organic compounds because of their

high efficiency, low pollution, and procedural simplicity. They

have been used extensively in many fields, including chromato-

graphic analysis,1 medical treatments,2 and wastewater disposal.3

Except for the general advantage as that of a common adsorbent,

MARs possess more favorable properties, including their struc-

tural diversity and low cost, which make them more promising.4

However, these MARs often have low adsorption capacities (qe;

mg/g) and adsorption selectivity for the adsorption of organic

compounds. To gain greater qe and higher adsorption selectivity

for some specific organic compounds, the chemical modification

of MARs is often adopted by the introduction of special functional

groups into the matrix of the polymeric adsorbents;5,6 this changes

the chemical composition of the adsorbent surface and, hence,

improves its adsorption for organic compounds.7 Until now, some

specific functional groups, such as amino, amide, hydroxyl, car-

bonyl, and carboxyl groups, have been introduced onto the surface

of the resin.8–11 Because of the adsorption restriction and the com-

petition among the adsorbates, the adsorption feature of MARs

has not been sufficiently explored. Moreover, instead of investigat-

ing the adsorption features of MARs systemically, previous

researchers12–15 simply attributed the adsorption of MARs to the

hydrogen-bonding effect. The matrix of these MARs was usually a

polyacrylic or styrene–divinyl benzene ester. The adsorption

mechanism of MARs primarily relies on a hydrophobic force,

such as van de Waal’s forces in the aqueous solution, which may

lead to the low adsorption selectivity. As a result, the state of theo-

retical research has not improved, and this has resulted in a lack of

information on molecular design in the synthesis and modifica-

tion process of MARs and has further hampered the development

of research and applications on MARs.

There have been some reports on the application of the commer-

cial MARs in the enrichment process of flavonoids.16–18 In previ-

ous studies in our laboratory,19,20 we systematically studied the
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preparative separation and purification of flavonoids from Olea

europaea L. leaves by eight commercial-mode MARs.21 However,

little has been done to compare the adsorption capacity of resins

with different hydrogen-bonding groups or to determine the

impact of the pore size distribution. An understanding of these

features will benefit the development of an efficient, successful

purification process. In this study, three types of MARs with

novel matrices and hydrogen-bonding groups were prepared (in

Scheme 1). The adsorption behavior of three new polymeric

adsorbents, in a macroporous styrene-co-divinyl benzene copol-

ymer with chloromethyl groups (DDM1) chemically modified

with p-phenylene diamine (PPDA), p-aminophenol (PANP), and

p-aminobenzoic acid (PANB), for flavonoids from the extract of

leaves of Olea europaea L (LOL) were investigated. The adsorp-

tion isotherms of flavonoids onto these adsorbents were meas-

ured and correlated to Langmuir and Freundlich isotherms. With

the help of the adsorption enthalpies22,23 and the adsorption

behaviors of polymeric adsorbents for total flavonoids, the

adsorption mechanism was explained. Through a comparison of

the adsorption behaviors of the three functionalized macropo-

rous resins, the influence of different functional groups drew our

attention. Furthermore, our interest was also focused on the

adsorption of MARs to flavonoids from LOL, and the influence

of matching degrees of the structural parameters with respect to

synthetic MARs and flavonoids and the adsorption feature.

EXPERIMENTAL

Materials

The initial beads, which were non-polar styrene-co-divinylbenzene

copolymer (DDM-0) with no functional groups, were purchased

from Sunrisin Technology Co., Ltd. (Xi’an, China). Analytical-

grade ethanol, methanol, sodium chloride, dichloromethane, N,N-

dimethylformamide (DMF), PPDA, PANP, PANB, zinc chloride,

and sodium chloride were purchased from Tianjin Chemical

Reagent Co., Inc. (Tianjin, China). Pharmaceutical-grade chloro-

methyl methyl ether was purchased from Jinan Leqi Chemical

Reagent Co., Inc. (Shandong, China), and distilled water was

used.

O. europaea L. leaves were obtained from Gansu Greenness Bio-

tech Co., Ltd. (Gansu, China) and were used after they were

washed and dried. Standards were purchased from the National

Institutes for Food and Drug Control (Beijing, China).

Instruments

A Sartorius BT224S analytical balance (Sartorius Scientific

Instruments Co., Ltd., Beijing, China), a mechanical magnetic

stirrer, a reflux condenser, a thermometer, a rotary evaporator

(RE-52C, Gongyi City Yuhua Instrument Co., Ltd., China), a

Fourier transform infrared (FTIR) spectrometer (Nicolet), a

Micromeritics ASAP 2020 automatic surface area and porosity

analyzer (Micromeritics Instrument Corp.), a SHA-B incubator

(100 rpm, Jintan Zhengji Instrument Co., Ltd., Jiangsu Prov-

ince, China), and a UV spectrometer (T-6, Beijing Purkinje

General Instrument Co., Ltd., Beijing, China).

Preparation of the Polymeric Adsorbents

MARs with chloromethyl groups were prepared with an electro-

philic substitution method. The initial beads (MARs of PSs with

no functional groups) were soaked in dichloromethane for 24 h

after they were filtered and ready to be used. Then, the soaked

MARs were chloromethylated with 150 mL of monochloromethyl

ether, and anhydrous zinc chloride (12 g) was used as the catalyst

and was added to the reaction vessel in two batches. After the first

6 g of anhydrous zinc chloride was dissolved in the solution at

room temperature, the second batch was added, and the reaction

temperature was increased to 311 K within 0.5 h after the catalyst

was dissolved. The reaction was retained for about 20 h until the

chlorine content of the polymeric beads reached 3.55 mmol/g,

and thus, chloromethylated PS was prepared.

The synthesized chloromethylated PSs were divided in three

equal batches to react thereafter to make the base chlorine con-

tents equal.

The synthesis of PPDA was performed as below: 20 g of chloro-

methylated PS was swollen with 150 mL of DMF overnight in a

round-bottomed flask; by amination, it was treated with 0.76 g

of PPDA in 200 mL of DMF. The resulting mixture was shaken

at 343 K for 12 h. After the reaction was finished, the solid par-

ticles were filtered from the solution, rinsed in methanol, and

washed with dichloromethane, acetone, ethanol, and deionized

water. Finally, the purple particles were obtained.

With regard to the synthesis of PANP, 20 g of chloromethylated

PS was swollen with 150 mL of DMF overnight in a round-

Scheme 1. Preparation of the three modified resins.
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bottomed flask. Then, 0.77 g of PANP was added. The reaction

solution was kept at 353 K for about 10 h until the reaction

was finished. The resulting polymeric beads were washed with

distilled water, extracted with dichloromethane, acetone, abso-

lute alcohol, and dried at 323 K in vacuo. Thus, the PANP-

modified PS resin was obtained, and the color of the particles

was brown.

As far as the preparation of PANB was concerned, 20 g of chlor-

omethylated PS was swollen with 150 mL of DMF overnight in a

round-bottomed flask, and PANB was added as the reacting rea-

gent. The reaction was kept at 343 K for 12 h, and PANB was

achieved. The resulting product was washed with distilled water;

extracted with dichloromethane, acetone, and ethanol; and dried

at 323 K in vacuo. The resulting particles were pale yellow.

Characterization of the Polymeric Adsorbents

The chlorine content of the chloromethylated PS, PPDA, PANP,

and PANB was determined with the Volhard method. The spe-

cific surface area of the adsorbents was measured by a Micro-

meritics ASAP 2020 surface area measurement instrument

according to the Brunauer–Emmett–Teller (BET) method. The

IR spectra of the adsorbents were achieved by a Nicolet 510P

FTIR instrument.

Preparation of the Sample Solutions

The O. europaea L. leaves (1 kg) were extracted with 3 L of

70% ethanol in a bath at 353 K for 2 h; this was repeated with

2 L of 70% ethanol. The double extracts were mixed and

negative-pressure filtered, and then, the filtrate was evaporated

to yield the fluid extract by the removal of the ethanol under

reduced pressure in a rotary evaporator at 323 K. The extract of

O. europaea L. leaves was photophobically stored in a refrigera-

tor at 253 K. Then, the extract was thawed at ambient tempera-

ture before use and diluted to an appropriate concentration

with distilled water to produce the sample solutions.

Measurement of the Adsorption and Desorption Isotherms

Equilibrium adsorption of the total flavonoids on the three poly-

meric adsorbents in the sample solution was performed at 298,

308, and 318 K, respectively. Accurately weighed dry adsorbent

(1.00 g) was directly introduced into a 250-mL conical flask.

Then, 100 mL of a sample solution with known concentration

[C0 (mg/L)] was added to each flask. The flasks were completely

sealed and shaken in a thermostatic oscillator at a predetermined

temperature for about 8 h until equilibrium was reached. The

equilibrium concentration of total flavonoids [Ce (mg/L)] was

determined. Ce in the drain was analyzed with a UV spectropho-

tometer. The experiments of desorption were carried out as fol-

lows: 100 mL of ethanol (70% v/v) was pumped into a flask

with the adsorbate-laden MARs after the adsorption reached

equilibrium. The flask was shaken (100 rpm) at a constant tem-

perature of 303 K for 6 h. Then, the corresponding concentration

of flavonoids (concentration of desorbed solution) was analyzed

with a UV spectrophotometer. The qe values of the total flavo-

noids were calculated according to eq. (1):

qe5ðC02CeÞV=W (1)

where V is the volume of the total flavonoid solution (L) and

W is the weight of macroporous resins (g). The adsorption iso-

therms of the total flavonoids onto PPDA, PANP, and PANB

were derived in the sample solution accordingly.

The desorption capacity of the total flavonoids (qe
0; mg/g) was

calculated as follows:

qe
05Ce

0V=W (2)

where Ce
0 is the equilibrium concentration of desorption.

Determination of the Total Flavonoid Content

The total flavonoid content was determined with a colorimetric

method. The sample solution (1 mL) diluted by an ethanol solu-

tion (30% v/v) to 5 mL; then, 4 mL of AlCl3 solution (1%) was

added. The final volume was adjusted to 10 mL with an ethanol

solution (30% v/v). The mixture was allowed to stand for 10

min, and the absorption was measured at 415 nm without the

sample, but 1 mL of distilled water made the solution a blank.

The amount of total flavonoids was expressed as rutin equiva-

lents (milligrams of rutin per gram of sample) through the cali-

bration curve of rutin. The structure of rutin is shown in

Scheme 2. To determine the working curve of UV absorbency/

total flavonoid concentration, the absorbency of the standard

rutin solution with different concentrations was determined

with UV analysis performed on a PerkinElmer Lambda 17 UV

spectrophotometer (PerkinElmer Co.) at a wavelength at 415

nm. The results demonstrated that the working calibration

curve showed excellent linearity over the range 0.00788–0.0394

mg/mL. The regression line was as follows:

A532:995Ce10:0308 R250:9990; n55
� �

where A is the absorbance of total flavonoids, Ce is the total fla-

vonoid concentration (mg/mL), and R2 is the correlation

coefficient.

Scheme 2. Structure of rutin.
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Adsorption and Desorption Kinetics

The adsorption kinetic curves of rutin on the selected modified

ones with PPDA, PANP, and PANB groups were studied accord-

ing to the following process: we added 3.08 g of pretreated resin

(equal to 1.0 g of dry resin) and 1000 mL of the sample solu-

tion to each flask with a lid. Then, the rutin concentrations in

the adsorption process were determined with a UV spectropho-

tometer at different time intervals until equilibration. Subse-

quently, the desorption kinetics curves of rutin on the selected

modified ones were as follows. After the adsorption reached

equilibrium, the adsorbate-laden MARs were put into the flask.

A volume of 1000 mL of ethanol (70% v/v) was pumped into

each flask. The concentrations of rutin at different time inter-

vals until equilibration were determined by a UV spectropho-

tometer. In all cases, three parallel measurements were carried

out to obtain a mean value, and the standard deviation was less

than 3%.

Effect of the Sample Solution pH Value on qe

The effect of the initial pH on the adsorption of compounds 1,

2, and 3 was studied in the range of pH from 2 to 11; the pH

values were adjusted with concentrated hydrochloric acid or

NaOH. For these experiments, 100 mL of sample solution was

placed in a flask, and 1 g of resin was added. The solution was

agitated in a constant-temperature shaker (200 rpm) for 8 h.

The adsorption solution was analyzed by a UV spectrometer.

Effect of NaCl and Na2SO4 on the Adsorption

The amount of extraction solution and resin was identical to

those of the experiments for the pH series. The concentrations

of Na2SO4 and NaCl were varied from 0 to 10 g/L and 0 to 24

g/L, respectively, and the effect of the solution chemistry on

adsorption was conducted at 298 K for 10 h. All of the experi-

ments were repeated three times to obtain average values.

RESULTS AND DISCUSSION

Characterization of the Polymeric Adsorbents

The chlorine content of chloromethylated PS was measured to

be 3.55 mmol/g, the corresponding content of the functional

groups of PPDA, PANP, and PANB were determined to be 0.50,

0.49, and 0.52 mmol/g, respectively; this implied that the substi-

tuted reactions of chloromethylated PS with PPDA, PANP, and

PANB were achieved successfully. The results of the nitrogen

sorption/desorption analysis are shown in Table I. The specific

surface areas of the chloromethylated PS, PPDA, PANP, and

PANB were scaled to be 509.2374, 626.3968, 621.4504, and

642.8485 m2/g, respectively; this revealed that the surface area

increased after the functionalized reaction. However, the three

synthesized MARs did not bring many differences for the BET

specific surface area (Table I). Figure 1 indicates that Friedel–

Crafts reaction resulted in a transfer for the pore diameter dis-

tribution of the resin. Mesopores and macropores were the

main pores for modified PS, and the average pore diameters of

PPDA, PANP, and PANB were 9.825, 9.589, and 9.422 nm,

respectively. This showed that PPDA had a bit higher propor-

tion of mespores than PANP and PANB. The higher qe and

affinity of PPDA compared to those of PANP and PANB also

confirmed the viewpoint mentioned previously.

The IR spectra of the chloromethylated PS, PPDA, PANP, and

PANB are shown in Figure 2. After chloromethylated PS reacted

with PPDA, there appeared one single moderate peak at the

high-wave-number region with a frequency of 3374.3 cm21,

which was assigned to NAH stretching. In addition, CAN

stretching was evident at 1024.1 cm21. Furthermore, two char-

acteristic peaks related to the C@C stretching of the phenyl

group at 1605.5 and 1495.2 cm21 were much stronger than

before the reaction, and another two bands at 750.3 and 694.6

cm21, which involved CAH out-of-plane bending for the

Table I. Important Characteristics of DDM1, PPDA, PANP, and PANB

Adsorbent DDM1 PPDA PANP PANB

Matrix P(St–DVB) P(St–DVB) P(St–DVB) P(St–DVB)

Average pore diameter (Å) 118.9 89.02 86.72 85.0

Total BET surface area (m2/g) 509.2374 626.3968 621.4504 642.8485

Pore volume (cm3/g) 1.70 1.394064 1.347251 1.366090

Particle size (mm) 0.2–0.3 0.2–0.3 0.2–0.3 0.2–0.3

Functional group Chloromethyl PPDA PANP PANB

Group amount (mmol/g) 3.55 0.50 0.49 0.52

*P(St–DVB): Polystyrene-co-divinylbenzene copolymer.

Figure 1. Pore diameter distributions of PPDA, PANP, and PANB, dV/dD

(pore volume/pore diameter). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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monosubstitution of benzene, were present in the IR spectrum

of PPDA. The appearances of these peaks confirmed the suc-

cessful substituted reaction, and chloromethylated PS reacted

with PPDA by equivalent moles.

With regard to the PANP-modified PS, two other moderate

peaks of aromatic ether appeared; one was detected at 1218.8

cm21 and was assigned to ArAO stretching, and the other was

measured at 1024.1 cm21 and was related to CAN stretching

(Figure 2). The band at 3357.4 cm21 related to NAH vibration

indicated that the ANHPhOH group was uploaded on the

matrix of the adsorbent. In addition, the CAH bending vibra-

tions of 1,4-disubstituted benzene at 694.6 and 750.3 cm21

were greatly enhanced in contrast with the chloromethylated PS.

As a result, the modification of the PANP groups on the matrix

of the chloromethylated PS was achieved successfully.

After the substitution reaction, two strong representative peaks

related to CH2Cl groups at 1263.1 and 670.4 cm21 were greatly

weakened. This resulted in a few new changes for the IR spec-

trum of the PANB-modified resin. There was a moderate peak

at 1025.3 cm21, which was assigned to CAN stretching. A mod-

erate C@O stretching band involved in formaldehyde carbonyl

groups appeared at 1698.4 cm21, and the appearance of this

band may have resulted from the oxidation of benzyl chloride

of chloromethylated PS.24 Finally, a weak absorption band

appeared at 3394.7 cm21, and this band was related to the

OAH stretching of hydroxyl hydrogen.

Adsorption and Desorption Isotherms of the Total Flavonoids

of Olive Leaf onto the Three Adsorbents in the Sample

Solutions

Figure 3 depicts the adsorption isotherms of the flavonoids

onto PPDA, PANP, and PANB in the sample solution. We

observed that the equilibrium adsorption isotherms of the

total flavonoids were consistent with the type II equilibrium

adsorption isotherms classified by Brunauer, which are con-

sidered to be multilayer reversible adsorption processes taking

place on the solid adsorbent. Additionally, an increase in the

reaction temperature from 298 to 318 K observably aug-

mented the adsorption; this was attributed to the fact that

the high temperature made the resins swells better. The larger

the volume and aperture the resins possessed, the more mole-

cules of rutin entered the resins. Meanwhile, the stereospecific

blockade of the adsorption site grew down with the increas-

ing aperture size; thus, the absolute number of adsorption

sites increased in the adsorption process. Moreover, the

molecular thermodynamic movement of rutin was intense

under a higher temperature, and more molecules of rutin got

into the aperture of the resins. Therefore, the reaction tem-

perature may have played a dominant role in rutin adsorp-

tion on the spent adsorbents.

The qe values of the flavonoids on the three adsorbents followed

the order PPDA>PANP>PANB>DDM0; this suggested that

after modification, the synthesized MARs had a better qe value

Figure 2. IR spectra of chloromethylated PS, PPDA, PANP, and PANB.
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than DDM0, and the adsorption affinity of PPDA for the total

flavonoids was the greatest.

The Langmuir and Freundlich adsorption equations are fre-

quently used to describe the adsorption process.

The Langmuir adsorption equation is25

Ce

qe

5
Ce

qm

1
1

qmKL

(3)

where qm is the maximum adsorption capacity (mg/g) and KL is

a constant.

The Freundlich adsorption equation is26

log qe5log KF1
1

n
log Ce (4)

In the Freundlich adsorption equation, KF and n are the con-

stants. KF is an indicator of the adsorption capacity, and n is

referred to as the adsorption intensity.

Plotting Ce/qe against Ce and log qe versus log Ce with the equi-

librium adsorption data would give a straight line, respectively.

The regression equations; parameters KL, KF, and n; and the R2

values are summarized in Table II. As shown in Table II, the

Freundlich model appeared to fit the equilibrium data better

compared with the Langmuir model. It is well know that the

Langmuir isotherm is based on the supposition that the surface

of the adsorbent has a homogeneous surface, whereas the

Freundlich isotherm applies to the adsorption process on a het-

erogeneous surface. Therefore, the adsorption is a multilayer

adsorption process, and the adsorbents possess heterogeneous

adsorption sites.

The derivative van’t Hoff equation states27,28

In Ce5
DH

RT
1In K (5)

where T is the absolute temperature, R is the ideal gas constant,

DH is the isosteric adsorption enthalpy (kJ/mol), and K is a

constant. From eq. (5), DH can be figured out from the adsorp-

tion isosters with the plot of ln Ce versus 1/T, as shown in

Figure 4.

The adsorption free energy (DG; kJ/mol) can be calculated from

eq. (6):29

DG52nRT (6)

where n is the characteristic constant in the Freundlich adsorp-

tion equation in Table II.

The adsorption entropy (DS) can then be obtained by the

Gibbs–Helmholtz equation:

DS5
ðDH2DGÞ

T
(7)

The DH, DG, and DS values of the flavonoids onto the three

adsorbents are presented in Table III. All of the DH values were

negative, and this showed an exothermic process. DH decreased

with increasing total flavonoid uptakes onto the PPDA. This

resulted from the surface energy heterogeneity of PPDA.30 The

DH values were in the range of 20–50 kJ/mol; this implied that

the adsorption was a physical process. DG was also negative,

indicating that the adsorption was favorable and spontaneous.

In addition, it was independent of qe and changed little when

the temperature was altered. The negative DS suggested that a

more ordered arrangement of flavonoids molecules was shaped

Figure 3. Adsorption isotherms of rutin onto three resins at 298, 308, and

318 K (Qe, the equilibrium adsorption capacity.). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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on the PANB surface after adsorption. From Table III, we can

figure out that the absolute value of DS of PANP was the larg-

est; this means that the adsorption of MAR with the functional

group (PPDA) was the most disordered arrangement.

In addition, the adsorption isotherms of flavonoids onto the

three adsorbents at 298, 308, and 318 K were compared. As

shown in Figure 3, the qe values of the flavonoids onto PANP

and PANB were smaller than those of PPDA at the same tem-

perature and Ce. The reason was not only the interaction

between the functional groups of the resins and weak-acid fla-

vonoids but also its surface area and pore structure. Its DH was

measured to be 244.91 kJ/mol. The qe
0 values of the three

MARs are shown in Figure 5. It was clear that PPDA also

released the flavonoids easily. This result may have been because

of the following reasons. The amino functional group was an

electron-donating group and led to an increased electronic den-

sity of the nitrogen atom, and its hydrogen-bonding ability as a

hydrogen-bonding acceptor was strengthened. Meanwhile, the

electronic density of the benzene ring also increased because of

its electron-donating properties, and its hydrogen-bonding abil-

ity also increased.

The benzene ring of the adsorbents interacted with the phenyl

group of the flavonoids adsorbed onto the adsorbents via p–p
stacking, and p–p stacking was also probably responsible for the

adsorption. As a result, the adsorption was a synergistic effect.

Except for the hydrogen bonding, p–p stacking derived from

the benzene ring of the three adsorbents and the phenyl group

of the flavonoids may also have been a factor we needed to take

into account.31

The adsorbent with carbonyl groups had the lowest qe in the

three types of adsorbents; this may have been because the car-

bonyl group had the poor ability to form hydrogen-bonding

interactions.

Perhaps the amino group in the adsorbent produced acid–alka-

line interactions with the acid phenolic hydroxyl group in the

flavonoids. So, we concluded that the adsorbent with amino

groups was more suitable to adsorb flavonoids than the adsorb-

ent with hydroxyl groups.

Adsorption and Desorption Kinetic Curves

As shown in Figure 6, the adsorption and desorption reached

equilibrium within 500 min. It was clear that the PPDA not

only adsorbed a larger quantity of flavonoids but also released

flavonoids efficiently compared to the other two resins. To bet-

ter illustrate the adsorption properties of the synthetic copoly-

mer, the equilibrium adsorption kinetics of rutin on the

synthetic MAR resin was investigated at 308 K.

In general, the pseudo-second-order rate equation is appropriate

for the whole adsorption process. Hence, in this study, we used

it to fit the adsorption kinetic data. Its linear form is32

t

qt

5
1

k2qe
2
1

t

qe

(8)

where k2 is the pseudo-second-order rate constant (g

mg21�min21). In Table IV, it is shown that the pseudo-second-

order rate equation characterized the adsorption well with

R2> 0.9. In particular, k2 increased with increasing temperature

of the solutions. In particular, the adsorption at a higher

Table II. Fits of the Langmuir and Freundlich Isotherms and Parameters of the Isotherms for the Three Different Resins

T (K)
Regression equation: Langmuir
isotherm equation KL qm R2

298 (PPDA) y 5 0.0158x 1 1.2569 0.0126 63.291 0.8708

298 (PANP) y 5 0.0184x 1 1.0915 0.0169 54.347 0.9121

298 (PANB) y 5 0.0144x 1 1.6636 0.0087 69.444 0.7396

308 (PPDA) y 5 0.0151x 1 1.3075 0.01155 66.225 0.8929

308 (PANP) y 5 0.0158x 1 1.336 0.01183 63.2911 0.8888

308 (PANB) y 5 0.0208x 1 1.177 0.01767 48.0769 0.9682

318 (PPDA) y 5 0.0097x 1 1.4066 0.0069 103.093 0.7073

318 (PANP) y 5 0.0127x 1 1.2963 0.0098 78.7401 0.8336

318 (PANB) y 5 0.0111x 1 1.5257 0.00728 90.0901 0.6954

T (K) Freundlich isotherm equation KF n R2

298 (PPDA) y 5 0.6109x 1 0.3426 2.2009 1.6369 0.9267

298 (PANP) y 5 0.5398x 1 0.4702 2.9525 1.8525 0.9159

298 (PANB) y 5 0.7148x 1 0.0995 1.2445 1.1058 0.9093

308 (PPDA) y 5 0.5229x 1 0.4884 3.0789 1.9124 0.9403

308 (PANP) y 5 0.6737x 1 0.265 2.9868 1.8736 0.9449

308 (PANB) y 5 0.4378x 1 0.6117 4.0898 2.2842 0.9677

318 (PPDA) y 5 0.6775x 1 0.2697 1.8608 1.4760 0.9182

318 (PANP) y 5 0.6036x 1 0.3855 2.4294 1.6567 0.9229

318 (PANB) y 5 0.6669x 1 0.2468 1.7652 1.4995 0.9024
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temperature had a greater k2, in accordance with the previous

observation that the required time at a higher temperature was

shorter.

In addition, the initial adsorption rate (h; mg g21�min21)

and half-adsorption time (t1/2; min) could be calculated as

follows:

h5k2qe
2 (9)

t1
2
5

1

k2 qe

(10)

As shown in Figure 7, h at a higher temperature was greater,

and the required t1/2 at a higher temperature was much

shorter.

In common, intraparticle diffusion is the rate-limiting step for

the adsorption of a hypercrosslinked resin toward aromatic

compounds from aqueous solution.33 Therefore, the kinetic data

are further dealt with by the intraparticle diffusion model pro-

posed by Weber and Morris:34

qt 5kdt
1
21C (11)

where kd is the intraparticle diffusion rate (mg g21�min21/2)

and C is a constant. When the solid-phase sorbate concentra-

tion at a given time (qt) versus t1/2 is plotted and it gives a

straight line, the straight line passes through the origin, and the

intraparticle diffusion is the rate-limiting step for the adsorp-

tion. If it presents a multilinear relationship or does not pass

through the origin, two or more diffusion mechanisms affect

the adsorption.35 With the plotting of qt versus t1/2 for the

adsorption, it was found that they yielded a multistage process.

At the initial stage, it posed a linear relationship, and the

straight lines passed through the origin; this indicated that the

intraparticle diffusion was the rate-limiting step. Moreover, kd1

presented the order kd1 (298 K)< kd1 (308 K)< kd1 (318 K);

this implied that the adsorption rate at a higher temperature

was greater. In the second stage, plots of qt versus t1/2 also

yielded linear relationships but did not pass through the origin.

This revealed that multidiffusion mechanisms were involved.

Effect of the Initial Sample Solution pH on the Adsorption

Capacity

The pH value of the sample solution was very important for

the adsorption and desorption properties of the resins because

the pH value determined the extent of ionization of solute mol-

ecules and thereby affected their adsorption affnity.36 The flavo-

noids of the O. europaea L. leaves are weakly acidic compounds

because of the existence of phenolic hydroxyl groups. The pH

value of the extract solution was 4.6, and the pKa value was 7.3.

According to the results shown in Figure 8, the highest qe values

of PPDA, PANP, and PANB for the flavonoids of the O. euro-

paea L. leaves were 5, 5.5, and 6, respectively; these values

decreased with increasing pH value. At higher pH values of 8–

11, the qe values of the flavonoids on the three resins decreased

rapidly. These observations suggested that hydrogen bonding

might have played a key role in the adsorption process of the

three resins. At higher pH values, the hydrogen-bonding inter-

actions decreased because the phenolic hydroxyl groups in the

flavonoids dissociated to form H1 and their corresponding

anions; this resulted in a decrease in qe. At lower pH values, the

surface of the resins was surrounded by the hydronium ions;

this enhanced the interaction of the un-ionized phenolic

hydroxyl groups of the flavonoids with the resins by potent

attractive forces. Hence, the pH value of sample solution was

adjusted to 5.5 for all later experiments.

Effect of NaCl and Na2SO4 on Adsorption

The effect of certain salts on the anion-exchange process is

known as the competition effect, which causes a decline in the

exchange capacity for anion contaminants.37,38 However, the

effect of sodium sulfate and sodium chloride on the adsorption

ability of three resins for flavonoids was determined in this

study. The concentration range of Na2SO4 was from 0 to 10 g/

L, whereas the concentration range of NaCl was from 0 to 24 g/

L. The results are shown in Figure 9. We observed that sodium

sulfate affected the adsorption slightly. However, the qe values of

Figure 4. Adsorption isosters of flavonoids adsorbed onto PPDA, PANP,

and PANB. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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the three resins were enhanced with increasing concentration of

NaCl. When the concentration of the salts increased beyond this

range, the qe values stabilized at the maximum. There was no

obvious change for the NaCl concentration over 20 g/L. The

adsorption was enhanced with increasing concentration of salt,

and this might have contributed to the effect of salting out. In

the salt extraction solution system, the salt ions were covered

with water (H2O) molecules, and this led to a high concentra-

tion of flavonoids in solution far from the ions. Furthermore,

the adsorbed flavonoids might have prevented ions from mov-

ing into the resin, and the hydrophobic interaction between the

absorbed flavonoids and dissolved flavonoids was improved

because the interactions between water molecules were

enhanced by the effect of NaCl. The repulsion between the

adsorbed flavonoids and dissolved flavonoids might have served

to oppose adsorption. The salts interacted with the adsorbate

and screened the repulsive forces. Because of the possible com-

petition effect on the surface of resin, the maximum flavonoid

qe caused by Na2SO4 was lower than that of NaCl.

Comparison of the Adsorption Capacity of the Flavonoids

onto Resins with Different Additions of Hydrogen Reagent

(HR)

The adsorption capacities of the flavonoids onto different con-

tents of HR-modified resins, including HR-02, HR-04, HR-05,

HR-06, HR-08, and HR-10, were first compared, and the results

are displayed in Figure 10. The qe values of the flavonoids on

HR-05 was the largest among the four resins, and hence, HR-05

was used as a specific polymeric adsorbent in this study. The

possible reason for the this observation may have been the

chemical modification of the hydrogen-bonding groups on the

surface of the resin. With increasing amount of functional

groups reacted, a lot of pores in the resins collapsed after dry-

ing. The swelling ratio of the resins in water increased some-

what with the introduction of hydrogen-bonding groups; this

implied that the flexibility of the polymer chain in polar sol-

vents increased with the introduction of hydrogen-bonding

groups, and thus, the pores of the synthesized resin more easily

collapsed as the resin was dried; this led to a decrease in the

specific surface area of the dried synthesized resin and thus

affected the adsorbent capacity.

Adsorption Mechanism of the Flavonoid Constituents from

the Leaves of O. europaea L onto the Three Adsorbents

in the Sample Solutions

In this study, FTIR spectroscopy was used to examine the exis-

tence of amino, hydroxyl, and carbonyl groups on the function-

alized resin. The vibrational frequency in the FTIR spectrum is

sensitive to changes in chemical bonds; a slight interaction

change between the adsorbent and the adsorbate will bring on

Table III. Adsorption Thermodynamic Parameters of Flavonoids Adsorbed onto Three Different Resins

DG (kJ/mol) DS (J/mol)

q (mg/g) DH (kJ/mol) 298 K 308 K 318 K 298 K 308 K 318 K

PPDA 50 235.285 24.056 24.897 23.902 2132.01 2130.46 2123.23

45 236.399 24.056 24.897 23.902 2135.75 2134.08 2126.73

40 237.463 24.056 24.897 23.902 2139.32 2137.53 2130.08

35 239.799 24.056 24.897 23.902 2147.16 2145.12 2137.42

30 240.564 24.056 24.897 23.902 2149.73 2147.60 2139.83

25 241.237 24.056 24.897 23.902 2151.99 2149.79 2141.95

20 242.443 24.056 24.897 23.902 2156.04 2153.70 2145.74

15 244.538 24.056 24.897 23.902 2163.07 2160.50 2152.33

10 244.962 24.056 24.897 23.902 2164.49 2161.88 2153.66

PANP 40 224.651 24.590 24.798 24.380 298.12 295.61 291.29

35 226.946 24.590 24.798 24.380 2105.82 2103.06 298.51

30 227.677 24.590 24.798 24.380 2108.28 2105.44 2100.81

25 228.625 24.590 24.798 24.380 2111.46 2108.52 2103.79

20 229.939 24.590 24.798 24.380 2115.87 2112.78 2107.92

15 231.078 24.590 24.798 24.380 2119.69 2116.48 2111.50

10 231.493 24.590 24.798 24.380 2121.08 2117.83 2112.81

PANB 35 212.779 22.740 25.849 23.964 252.07 260.48 252.65

30 215.605 22.740 25.849 23.964 261.56 269.66 261.54

25 216.670 22.740 25.849 23.964 265.13 273.11 264.89

20 218.615 22.740 25.849 23.964 271.66 279.43 271.00

15 220.561 22.740 25.849 23.964 278.19 285.75 277.12

10 223.712 22.740 25.849 23.964 288.76 295.98 287.03

*q:The adsorption capacity
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several vibrational shifts.39 In this study, FTIR spectroscopy was

used to examine the shifts of formaldehyde carbonyl and qui-

none carbonyl groups on the resin so that the adsorption mech-

anism could be clarified. The typical results of the synthesized

resins after the adsorption of flavonoids are depicted in Figure

11. The main peak at 3410 cm21 appeared and was assigned to

hydroxyl groups after the adsorption of flavonoids. The charac-

teristic vibration of flavonoids also appeared. Commonly, the

formation of hydrogen bonding leads some characteristic bands

to widen. We can see this in Figure 11. So, we deduced that

hydrogen bonding appeared to be one of the primary driving

forces for the adsorption of flavonoids onto the synthesized res-

ins, and hydrogen bonding is one of the primary driving forces

for the adsorption. In addition, p–p stacking between the ben-

zene ring of the adsorbents and the phenyl group of the flavo-

noids was also a factor in the adsorption process. Furthermore,

hydrophobic interaction could not be ignored for the adsorp-

tion process in this study. So, the adsorption mechanism of this

Figure 5. Desorption isotherms of rutin onto three resins at 298, 308, and

318 K. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 6. (A) Adsorption and (B) desorption kinetic curves of rutin on

different MARs at 308 K. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table IV. Parameters of the Pseudo-Second-Order Rate Equation

Pseudo-second-order
rate equation qe k2 R2

PPDA y 5 0.0649x 1 1.1426 15.4083 0.003686 0.9953

PANP y 5 0.0890x 1 0.5790 11.236 0.01368 0.9997

PANB y 5 0.0701x 1 0.8978 14.2653 0.005473 0.9981
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study was attributed to the synergistic effect of hydrogen bond-

ing, p–p stacking, and hydrophobic interactions.

PPDA had the largest qe in comparison with the others; this was

ascribed to the fact that it had a comparatively strong ability to

form hydrogen bonds with the flavonoids. Moreover, the amino

group in the PPDA produced acid–alkaline interactions with the

acid phenolic hydroxyl groups in the flavonoids of O. europaea

L. Meanwhile, the electronic density of the benzene ring differed

according to the electronic-donating and electronic-withdrawing

functional group. It is well known that polarity matching

between the adsorbent and the adsorbate plays an important

role in the adsorption process. In common, polar adsorbents

selectively adsorb polar adsorbates. The adsorbent modified by

PPDA had the strongest polarity of the three types of adsorb-

ents. Hence, the adsorption affinity of flavonoids with PPDA

was higher than those of the others. In the tested system, polar-

ity matching between the PPDA and flavonoids should have

been displayed by hydrogen bonding. The BET surface area and

the porous structural parameters of the synthesized MARs were

Figure 7. Intraparticle diffusion model of the three resins. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 8. Effect of the initial sample solution pH value on qe. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 9. Effect of Na2SO4 and NaCl on adsorption. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 10. Comparison of qe of flavonoids onto resins with different addi-

tions of HR. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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close to each other, so the large difference in qe could not be

explained from the small difference in the BET surface area.

However, the distribution of the pore diameter may have had a

little influence on the adsorption. Therefore, the match between

the pore diameter of the MARs and the molecular size of the

flavonoids was also a factor that was noted.

CONCLUSIONS

A series of novel MARs of PPDA, PANP, and PANB with dif-

ferent functional groups were synthesized successfully. They

could efficiently adsorb flavonoids of O. europaea L.,40–42 and

PPDA had the highest qe. The Freundlich model depicted the

isotherms better than the Langmuir model; this suggested that

the surface energy of the adsorbent was inhomogeneous. The

adsorption was shown to be an exothermic, spontaneous, and

more ordered arrangement process from the measured DH,

DG, and DS. The pseudo-second-order rate equation was suita-

ble to fit the adsorption dynamic curve. The effect of the sam-

ple solution pH value on qe showed that hydrogen bonding

played an important role in the interaction. Hydrogen bonding

between the nitrogen atom of the amino group, the oxygen

atom of the hydroxyl group, the carbonyl group of the adsorb-

ent, and the hydrogen atom of the hydroxyl group of the flavo-

noids was principally responsible for the adsorption of the

flavonoids. The possible adsorption mechanism was the syner-

gistic effect of hydrogen bonding, p–p stacking, and hydropho-

bic interaction. In addition, the difference in the electronic

densities of the functional groups in the adsorbents and the

acid–alkaline interaction between the adsorbents and adsor-

bates also influenced the adsorption. The structures of the

effective components in natural plants are complicated and

multiform, and many kinds of weak interactions exist. As a

result, the synergistic effect of multiweak interactions should

be universal in the adsorption mechanism, and more adsorb-

ents can be designed on this basis. Therefore, control of the

adsorbent structure should be important not only in the sepa-

ration of flavonoids in the leaves of O. europaea L. but also in

the separation of the more active components in other natural

plants.
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