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ABSTRACT: According to the Friedel−Crafts and amination reaction, a series of macroporous adsorption resins (MARs) with
novel structures were synthesized and identified by the Brunauer−Emmett−Teller (BET) method and Fourier transform infrared
(FTIR) spectra, and corresponding adsorption behaviors for (−)-epigallocatechin gallate (EGCG) and caffeine (CAF) extracted
from waste tea were systemically investigated. Based on evaluation of adsorption kinetics, the kinetic data were well fitted by
pseudo-second-order kinetics. Langmuir, Freundlich, Temkin−Pyzhev, and Dubinin−Radushkevich isotherms were selected to
illustrate the adsorption process of EGCG and CAF on the MARs. Thermodynamic parameters were adopted to explain in-depth
information of inherent energetic changes associated with the adsorption process. The effect of temperature on EGCG and CAF
adsorption by D101-3 was further expounded. Van der Waals force, hydrogen bonding, and electrostatic interaction were the
main driving forces for the adsorption of EGCG and CAF on the MARs. This study might provide a scientific reference point to
aid the industrial large-scale separation and enrichment of EGCG from the extracts of waste tea using modified MARs.
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■ INTRODUCTION
It is well known that tea, mainly steeped from the leaves of
Camellia sinensis L., which is native to China, is one of the most
widely consumed beverages in the world. According to
statistics, the tea production in China has reached 1.1 million
tons annually. In recent years, tea deep processing has been
quickly developed, and many kinds of tea products now appear
in the market. Consequently, the quantity of waste tea has been
increasing year by year. Waste tea not only pollutes the
environment but also represents a loss of valuable resources.
Waste tea residues contain abundant tea polyphenols and
caffeine (CAF), which are rich in medical value. Tea
polyphenols comprise various compounds, such as (−)-epi-
gallocatechin gallate (EGCG), (−)-epigallocatechin (EGC),
(−)-epicatechin gallate (ECG), and (−)-epicatechin (EC),
which are the major bioactive components in many functional
beverages and foods. EGCG is probably the most powerful
antioxidant among them. The chemical structures of EGCG
and CAF are shown in Figure 1.
Research clearly indicates that EGCG has many biological

activities, including anticancer and anti-inflammatory effects,1

strong antimicrobial activity,2,3 antiviral effects,4 preventing
HIV-1 infection,5 growth inhibition of prostate cancer cells,6

inhibitory effects on mutations,7 and modulation of cholesterol
metabolism.8 Moreover, dietary supplementation with EGCG
significantly reduces the development of obesity, hyper-

glycemia, insulin resistance, hypercholesterolemia, and hepatic
steatosis.9 Hence, EGCG is extensively employed in the fields
of medication, beverages, and foodstuffs. As an important
component of tea, CAF increases endurance and enhances
performance, increases neuromuscular coordination, enhances
cognitive functioning, elevates mood, and relieves anxiety.10−13

However, excessive intake of CAF may inevitably cause adverse
effects, such as sleep deprivation, increased risk of cardiovas-
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Figure 1. Chemical structures of (−)-epigallocatechin gallate (EGCG)
and caffeine (CAF).
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cular disease and miscarriages, reduced fertility rates, and
increased seizure frequency and aggravated seizures.14,15

Therefore, it is necessary to develop an efficient method to
obtain highly enriched EGCG and, as far as possible, to
decrease the content of CAF prior to application in
pharmaceuticals, functional foods, and beverages.16

Because of the important effect of EGCG on humans and the
significance of decaffeinated tea extracts, several approaches for
the separation and purification of EGCG and CAF have been
attempted and extensively reported in many previous studies.
The common methods of decaffeination are as follows:
extraction with organic solvent such as chloroform or
methylene chloride and ethyl acetate with potential unsafe
effects from the residual organic solvents,17 supercritical fluid
extraction with expensive equipment and unavoidably large
amount of catechins loss results,18,19 and hot water treatment,
which is only suitable for producing low-caffeine or
decaffeinated green tea.20 Methods for microgram degradation
and for genetically modified caffeine-free tea plants have been
developed.21−23 However, these methods have not yet reached
industrial scale production because of technology limitations.
Activated carbon, tea stalk, lignocellulose, and fir sawdust
lignocellulose grafted with N-vinylpyrrolidone adsorbents have
been established for separating decaffeinated catechins.16,24−26

Recently, poly(acrylamide-co-ethylene glycol dimethacrylate)
and poly(vinylpolypyrrolidone) have been used for separating
decaffeined catechins.27,28 Therefore, the method of adsorption
using an adsorbent has attracted widespread attention.
Because of the advantages of high efficiency, simple

operation process, low operation cost, easy regeneration, long
lifetime, and being environmentally friendly, macroporous
adsorption resins (MARs) are widely employed as alternative
and effective adsorbents in separating bioactive components
from crude extracts of herbal raw materials.29−33 In recent
years, many researchers have also developed adsorption
theories for MARs.34,35 Because the functional group of the
adsorbent is one of the most important key factors for
improving separation efficiency, scientists have made great
efforts to explore novel, desirable adsorbents with special
functional groups that possess high adsorption capacity and
perfect selectivity.36−38 Therefore, MARs modified by special
functional groups have a high potential for applications in the
separation and purification fields to obtain bioactive compo-
nents from crude extracts of natural products.
In this study, a series of MARs with special functional groups

were synthesized based on the Friedel−Crafts and amination
reaction and identified by the Brunauer−Emmett−Teller
(BET) method and Fourier transform infrared (FTIR) spectra.
Adsorption kinetics and thermodynamics of the MARs for
EGCG and CAF extracted from waste tea were systemically

investigated through static adsorption tests, and the effect of
temperature on EGCG and CAF adsorption by MARs was
further studied. The experimental data were fitted by the
common models of kinetics and thermodynamics. The results
might provide a scientific reference point for the industrial-scale
separation and enrichment of active ingredients from the
extracts of natural products using MARs that possess special
functional groups.

■ MATERIALS AND METHODS

Chemical Reagents, Adsorbents, and Samples. Chro-
matographic grade methanol and acetic acid were purchased
from Shandong Yuwang Industrial Co., Ltd. (Shandong,
China), and distilled water was used. D101, nonpolar styrene-
co-divinylbenzene copolymer with no functional groups, was
purchased from Xi’an Sunresin Technology Co., Ltd. (Shaanxi,
China). Waste tea (production area: Longnan) was obtained
from a local market in Longnan City (Gansu Province, China).
The standard EGCG was purchased from Chengdu Purifa
Technology Development Co., Inc. (Sichuan, China), and the
purity was 99.0%. The standard CAF was isolated and purified
from the extract of waste tea in our laboratory, and the purity
was determined as more than 95.0% by HPLC analysis based
on the peak area normalization method.

Synthesis of Adsorbents with Functional Groups. The
reaction scheme for the preparation of D101-1, D101-2, and
D101-3 on the basis of D101 is shown in Figure 2. The initial
MARs (D101) were soaked in dichloromethane for 24 h. An
organic solution composed of dichloromethane, zinc chloride
initiator, sodium chloride, and D101 was mixed with
chloromethyl methyl ether in a 1000 mL three-necked round-
bottomed flask equipped with a mechanical stirrer, a reflux
condenser, and a thermometer. The flask was heated with a
programmed heater. The mixture was stirred to give a
suspension of beads of a suitable size in the solution (100−
120 rpm) and then held at 323.15 K for 20 h. The synthetic
MARs were filtered out, packed in an extractor, and washed
with a large amount of distilled water and then methanol until
there was no white precipitate while an aqueous solution of
silver nitrate was added to the filtrate. The MARs with
chloromethyl groups (D101-1) were obtained. The MARs with
amino groups were synthesized through an amination reaction.
The D101-1 were dried at 313.15 K under vacuum, swelled
with methanol for 24 h, and mixed with excess triethylenetetr-
amine in a 500 mL three-necked round-bottomed flask. The
mixture was held at 303.15 K for 9 h. Then the beads were
filtered out and washed with distilled water until there was no
white precipitate while an aqueous solution of silver nitrate was
added to the filtrate. MARs with amino groups (D101-2) were
obtained. MARs with phenylamino groups (D101-3) were

Figure 2. Reaction scheme for the preparation of D101-1, D101-2, and D101-3 on the basis of D101.
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synthesized using a method similar to that of the amination
reaction.
Characterization of MARs. The BET specific surface area,

average pore size, and pore volume of the adsorbents were
determined by N2 adsorption/desorption isotherms at 77.15 K
using a Micromeritics ASAP 2020 automatic surface area and
porosity analyzer (Micromeritics Instrument Corp., Norcross,
GA) by the BET method. The MARs were outgassed for 24 h
with the temperature at 333 K on the degas port of the analyzer
before the measurement of BET surface area. The BET surface
area was obtained by the t-plot method. Meanwhile, the pore
volume and average pore diameter were estimated by the
Barrett−Joyner−Halenda (BJH) method. FTIR spectra of
MARs were obtained on a FTIR spectrophotometer (Thermo
Nicolet, NEXUS, TM) in the 4000−400 cm−1 region via the
KBr pellet method, and FTIR spectra (the FTIR spectra were
not shown) showed that chloromethyl, amino, and phenyl-
amino groups had been successfully introduced on D101.35

Preparation of Tea Extract and Sample Solutions.
Waste tea (1 kg) was refluxed with 8 L of ethanol−water
(60:40, v/v) solution for 30 min in triplicate. All of the extracts
were mixed, filtrated by gauze, and evaporated to a fluid extract
by removing the solvent under reduced pressure in a rotary
evaporator at 323.15 K. The extracts obtained were placed in a
vacuum drying oven and dried at 313.15 K until the mass was
constant. Then the dried extracts were ground to powder and
stored in refrigerator at 277.15 K. EGCG and CAF contents in
the dried extract were 13.0% and 7.3% (w/w), respectively.
Distilled water was added to obtain sample solutions of
different concentrations.
HPLC Analysis of EGCG and CAF. The HPLC analysis

was performed in an Agilent 1200 Series (Agilent Technology,
Santa Clara, CA), which was equipped with a G1312A binary
pump, a G1315B diode array detector and a G1328B manual
injector. The HPLC system was managed by Agilent
Chemstation software (version A.10.02) (Agilent Technology).
The standards EGCG and CAF were accurately weighed and
dissolved in distilled water to produce the stock standard
solutions with the concentrations of 1.6 and 0.9 mg/mL,
respectively. The chromatographic separation of analytes was
performed on a SinoChrom ODS-BP C18 analytical column
(250 mm × 4.6 mm, i.d., 5 μm) (Dalian Elite Analytical
Instruments Co. Ltd., Dalian, China). The temperature of the
column was maintained at 318.15 K. Chromatographic
separation was performed using a gradient elution with
methanol (A) and 1% acetic acid in water (B). The mobile
phase gradient was as follows: 85−70% (B) at 0−5 min, 70%
(B) at 5−15 min, 70−62% (B) at 15−25 min, and 62% (B) at
25−35 min. The flow rate, injection volume, and detection
wavelength were set at 1.0 mL/min, 20 μL, and 280 nm,
respectively. The wavelength of DAD detector ranged from 200
to 400 nm. The HPLC results demonstrated that the working
calibration curve showed excellent linearity over the range of
0.00102−1.56 mg/mL and 0.00058−0.92 mg/mL, respectively.
The regression lines for EGCG and CAF were y = 22822x −
208.8 (R2 = 0.9980, n = 7) and y = 39653x − 4.3 (R2 = 0.9990,
n = 7), respectively, where y is the peak area of EGCG or CAF,
and x is EGCG or CAF concentration (mg/mL).
Calculation of Adsorption Capacity. The adsorption

capacities of the MARs toward EGCG and CAF were evaluated
according to the following equation.

Adsorption capacity is given as:

= − ×q C C
V
W

( )e 0 e
0

where qe is the adsorption capacity (mg/g dry resin) toward
EGCG or CAF at adsorption equilibrium. C0 and Ce are the
initial and equilibrium concentrations of EGCG or CAF
solutions (mg/mL). W is the weight of resin used (g).
In addition, the adsorption studies mentioned below were

conducted in triplicate, and the deviation error was less than
5%. On the basis of the results of preliminary study, desorption
performance of EGCG and CAF on the selected MARs with
ethanol−water (70:30, v/v) as an eluent was efficient, and the
MARs used were almost completely recovered in 30 min.

Adsorption Kinetics. The adsorption kinetics curves of
EGCG and CAF on the MARs were studied according to the
following operation mode: 200 mL of extract solution (C0 = 2.0
mg/mL) was contacted with pretreated MARs (1.0 g dry resin)
in a 500 mL stoppered conical flask. Then the flasks were
continually shaken in SHA-B incubator (100 rpm) (Jintan
Zhengji Instrument Co., Ltd., Jiangsu Province, China) at
298.15, 308.15, and 318.15 K, respectively. Subsequently, the
concentration of EGCG and CAF in the adsorption solution
was determined by HPLC at different times until equilibrium.

Adsorption Isotherm. Extract solutions (50 mL) with
different concentrations of EGCG and CAF (C0 = 2.0, 4.0, 6.0,
8.0, 10.0, and 12.0 mg/mL) were contacted with pretreated
MARs (1.0 g of dry resin) in conical flasks. The flasks were
continually shaken for 8 h at temperatures of 298.15, 308.15,
and 318.15 K, respectively. Then, the EGCG and CAF
concentrations of the adsorption solutions were analyzed by
HPLC.

Effect of Temperature of EGCG and CAF on D101-3.
The experiment was carried out by adding 1.0 g of pretreated
D101-3 resin and 50 mL of 12.0 mg/mL tea extracts to each
flask with a lid, and the flasks were continually shaken for 8 h at
the temperatures of 298.15 K, 308.15 K, 318.15 K, 328.15 K,
338.15 K, and 348.15 K, accordingly. The concentrations of
EGCG and CAF in the adsorption solutions were determined
by HPLC.

■ RESULTS AND DISCUSSION
Characterization of the MARs. Nitrogen adsorption/

desorption measurements were performed with the MARs
before and after modification with functional groups. The
adsorption/desorption isotherms of D101, D101-1, D101-2,
and D101-3 are shown in Figure 3. The isotherms of D101,
D101-1, D101-2, and D101-3 were similar, and these MARs
were mainly mesoporous according to the IUPAC nomencla-
ture. In addition, it was clear that the order of pore volume of
these MARs (D101-1 > D101 > D101-3 > D101-2) was in line
with those depicted in Figure 3.
Physical properties of D101, D101-1, D101-2, and D101-3

were determined from nitrogen adsorption/desorption iso-
therms using t-plot and BJH methods and are tabulated in
Table 1. As shown in Table 1, BET surface areas followed an
order of D101 > D101-1 > D101-3 > D101-2. This order
indicated that BET surface areas of MARs decreased after
modification with functional groups. And the reason was that
the MARs swelled in the process of the reaction. The average
pore diameters of MARs were in the order of D101-1 > D101-2
> D101-3 > D101, as shown in Table 1, which was also ascribed
to the swelling of MARs in the reaction process. The pore
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volumes of MARs were in the order of D101-1 > D101 >
D101-3 > D101-2 in Table 1. The small pore volume of D101-2
might be due to a cross-linking reaction that took place in the
synthetic process as triethylenetetramine was added into
reaction vessel.
Fractal geometry, widely used in many fields of modern

science, is also popularly applied in adsorption science. The
fractal dimension D, an operative measure of the surface and
structural irregularities of a given solid, is the key quantity in
fractal geometry. Several isotherm equations have been derived
for various models of physical adsorption on fractal surfaces to
calculate D. Based on the Frenkel−Halsey−Hill (FHH)
equation, one of simplest and most popular relationships in
logarithmic form to determine D of a solid is estimated as
follows:39,40

= − −q D Aln const (3 )ln

where q (cm3/g) is the amount of N2 adsorbed at the relative
pressure p/p0, and D is the fractal dimension of the surface
accessible to adsorption. A is the so-called adsorption potential,
defined as:

=A RT p pln( / )0

where p0 and p are the saturation and equilibrium vapor
pressures (mmHg), R is the universal gas constant (8.314 J/
(mol K)), and T is the absolute temperature (K).
A plot of ln q versus ln A showed a linear trend, and D was

calculated from the slope. The values of D for D101, D101-1,
D101-2, and D101-3 were 2.64, 2.62, 2.61, and 2.63,
respectively. On the basis of the theory of fractal geometry,

the value of the fractal dimension D for solid surfaces can vary
from 2 to 3. It is reported that the lower limiting value of 2
corresponds to a perfectly regular smooth surface, whereas the
upper limiting value of 3 relates to the maximum allowed
complexity of the surface.41 The values of the fractal dimension
D of MARs followed an order of D101 > D101-3 > D101-1 >
D101-2. This demonstrated that the values of D of MARs
decreased after modification by functional groups, which meant
that the surface of modified MARs became relatively regular
smooth. On the other hand, the values of D of D101, D101-1,
D101-2, and D101-3 slightly changed, and their degrees of
regular smooth almost remained constant. This might be
because the amount of functional groups was less and similar.35

Adsorption Kinetics of EGCG and CAF on the MARs.
The evaluation of kinetics is necessary for the process of
purification of EGCG and CAF. It is helpful for the prediction
of important information, such as adsorption time and sample
concentration. Adsorption kinetics of EGCG and CAF on the
MARs was studied at 298.15 K, 308.15 K, and 318.15 K,
respectively. The adsorption kinetics curves were obtained, as
shown in Figure 4. Figure 4A shows that the adsorption
capacity for EGCG on D101 increased with the extension of
adsorption time until equilibrium. Generally, the adsorption
capacity rapidly increased in the first 40 min and then slowly
increased. Finally, the adsorption capacity reached equilibrium
after 240 min. This result indicated that the adsorption of
EGCG on D101 pertained to the slow adsorption type.32 In
addition, the adsorption capacity for EGCG on D101 decreased
with the increase in the temperature. In Figure 4B and 4C, the
adsorption capacities for EGCG on D101-1 and D101-2 had a
similar increase trend. In Figure 4E, the adsorption capacity for
CAF on D101 also displayed this similar trend. However, the
adsorption capacity reached equilibrium after 180 min, which
indicated that the adsorption of CAF on D101 pertained to the
intermediate speed adsorption type.32 The adsorption capacity
for CAF on D101 alike decreased with the increase in
temperature. The adsorption kinetics curves in Figure 4F and
4G were similar to those in Figure 4E.
The equilibrium time of EGCG on D101, D101-1, and

D101-2 was longer than that of CAF, on the basis of the
molecular structures of EGCG and CAF. As shown in Figure 1,
obviously, the molecular size of EGCG was much larger than
that of CAF. Compared with CAF, high intraparticle mass
transfer resistance existed in the process of EGCG diffusion
into the mesoporous/micropores of D101, D101-1, and D101-
2.
The adsorption behaviors of EGCG and CAF on D101-3

were different from those on D101, D101-1, and D101-2. In
Figure 4D, the adsorption capacity for EGCG on D101-3
rapidly increased in the first 20 min. Thereafter it proceeded at
a slower rate from 20 to 240 min. Finally, the adsorption
capacity increased very slowly after 240 min. Therefore, the
adsorption of EGCG on D101-3 belongs to the slow adsorption
type.32 More importantly, the adsorption capacity for EGCG
on D101-3 increased with the increase in the temperature.
However, the adsorption behavior of CAF on D101-3 was
remarkable. In Figure 4H, the adsorption capacity for CAF on
D101-3 rapidly increased in the first 20 min. Then it increased
slowly from 20 to 180 min. Finally, the adsorption process
reached equilibrium after 180 min. Thus, it showed that the
adsorption of CAF on D101-3 was the intermediate speed
adsorption type.32 Furthermore, the adsorption capacity of
CAF on D101-3 changed slightly at 298.15 K, 308.15 K, and

Figure 3. Nitrogen adsorption/desorption isotherms of D101, D101-
1, D101-2, and D101-3.

Table 1. Physical Properties of D101, D101-1, D101-2, and
D101-3

resin series D101 D101-1 D101-2 D101-3

matrix P(St-DVB) P(St-DVB) P(St-DVB) P(St-DVB)
functional
group

chloromethyl amino phenylamino

BET surface
area (m2/g)

710.1 656.0 471.4 626.4

average pore
diameter
(nm)

8.2 10.0 9.5 8.9

pore volume
(cm3/g)

1.5 1.6 1.1 1.4

particle size
(mm)

0.2−0.3 0.2−0.3 0.2−0.3 0.2−0.3
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318.15 K, and it decreased with the increase in the temperature.
Therefore, the purification of EGCG from the extract of waste
tea under the conditions of higher temperature and sufficient
adsorption time is potentially possible.
To better illustrate the adsorption mechanisms of EGCG and

CAF onto the MARs, pseudo-second-order and pseudo-first-
order kinetics models were applied. The best-fit model was
selected on the basis of the linear regression correlation
coefficient values (R2). The pseudo-second-order and pseudo-
first-order kinetics equations are presented as follows.
Equation of pseudo-first-order kinetics model:

− = −q q q k tln( ) lnte e 1

Equation of pseudo-second-order kinetics model:

= +t
q k q q

t
1 1

t 2 e
2

e

where qe and qt are the adsorption capacity for EGCG or CAF
onto the MARs at equilibrium and at any time t (mg/g dry
resin), respectively. The parameters k1 (1/min) and k2 (g/(mg
min)) are the rate constants of the pseudo-first-order and
pseudo-second-order models for the adsorption process,
respectively.

Plotting ln(qe − qt) against t for the pseudo-first-order
equation and t/qt against t for the pseudo-second-order
equation resulted in straight lines, respectively. Corresponding
values of kinetic parameters are summarized in Table 2.
Compared with experimental results, the values of qe and R

2 for
the pseudo-second-order model were much more reasonable
than those for the pseudo-first-order model. Moreover, most of
the qe values of the pseudo-first-order model deviated
significantly from the experimental values. Thus, the adsorption
of EGCG and CAF onto the MARs fitted the pseudo-second-
order model best, and this model was applied for the entire
adsorption process. Further, the principle of pseudo-second-
order kinetics assumed that the rate-limiting step might be the
adsorption, in agreement with chemical adsorption being the
rate-controlling step, in which concentrations of both adsorbate
and adsorbent were involved. That is to say, the adsorption of
EGCG and CAF onto the MARs might be chemical adsorption
or chemisorption.42 The adsorption process of EGCG and CAF
onto the MARs might involve valence forces through sharing or
exchange of electrons between EGCG or CAF and the
adsorbents. The adsorption force between EGCG or CAF
and D101 or D101-1 might be π−π or electrostatic interaction
of the heteroatom and the phenyl rings of the MARs. However,

Figure 4. Adsorption kinetics curves of (−)-epigallocatechin gallate (EGCG) (A−D) and caffeine (CAF) (E−H) on D101, D101-1, D101-2, and
D101-3 at different temperatures.
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besides forces mentioned above, hydrogen-bonding interaction
existed between EGCG or CAF and D101-2 or D101-3.
Adsorption Isotherms of EGCG and CAF on the MARs.

Before synthesis of MARs with functional groups, the initial
MARs (D101) were soaked in dichloromethane for 24 h in
order to swell sufficiently. MARs used in the experiment had
swelled enough. On the other hand, distilled water and ethanol,
with swelling ability comparatively weaker than that of
dichloromethane, were applied in the adsorption/desorption
process. Furthermore, the volumes of the MARs after
adsorption had almost no change compared with those before
adsorption. In this case, the factor of swelling of the MARs was
ignored in the study.
The equilibrium adsorption isotherms of EGCG and CAF

from aqueous solution onto the MARs were obtained at 298.15
K, 308.15 K, and 318.15 K, respectively, as shown in Figure 5. It
was obvious that the adsorption capacities for EGCG and CAF
onto D101 increased with an increase in the equilibrium
concentration of EGCG and CAF at the given temperature in
Figure 5A and 5E. Generally, the adsorption capacity for EGCG
increased rapidly when the concentration of EGCG was less
than 0.05 mg/mL and then increased slowly above 0.05 mg/
mL. However, the adsorption capacity for CAF increased
rapidly at a nearly constant rate when the concentration of CAF
increased. Furthermore, the adsorption capacities for EGCG
and CAF onto D101 decreased with an increase in the
experimental temperature, which might suggest an exothermic

process. A similar result was obtained for D101-1 and D101-2
as illustrated in Figure 5B, 5F, 5C, and 5G.
However, the equilibrium adsorption isotherms of EGCG

and CAF onto D101-3 were not in accordance with that of
D101, D101-1, and D101-2, and possessed special character-
istics. As shown in Figure 5D, the adsorption capacity for
EGCG onto D101-3 increased rapidly when the concentration
of EGCG was less than 0.05 mg/mL and then increased slowly
above 0.05 mg/mL. However, the rate increased with the
increase in experimental temperature when the concentration
of EGCG was more than 0.05 mg/mL. In addition, the
adsorption capacities for EGCG onto D101-3 increased with an
increase in the experimental temperature, which might suggest
an endothermic process.43,44 The adsorption capacity for CAF
onto D101-3 increased rapidly with a nearly constant rate when
the concentration of CAF increased. The adsorption isotherms
at the three temperatures almost overlapped with each other in
Figure 5H. The difference in adsorption characteristics for
EGCG and CAF onto D101-3 was exceedingly helpful to purify
EGCG from the extract of waste tea using MARs.
In general, the adsorption isotherm is the functional

expression of the relationship between the equilibrium
concentration of an adsorbate in solution and the amount of
solid adsorbent at a given temperature under adsorption
equilibrium conditions. Thus, through fitting experimental data,
the optimized isotherm can be obtained by comparing the
values of correlation coefficients. Further, it is helpful to
understand the adsorption mechanism of the adsorbate onto

Table 2. Values of Kinetic Parameters for Adsorption of EGCG and CAF from the Sample Solution Using the MARs

pseudo-first-order equation pseudo-second-order equation

kinetic model k1 (1/min) qe (mg/g) R2 k2 (g/mg min) qe (mg/g) R2

298.15 K EGCG
D101 0.011 22.3 0.9964 0.00089 44.6 0.9982
D101-1 0.011 28.2 0.9969 0.00048 42.2 0.9988
D101-2 0.012 29.2 0.9853 0.00051 42.2 0.9977
D101-3 0.011 20.4 0.9789 0.00036 26.7 0.9856
CAF
D101 0.015 13.0 0.9911 0.0021 29.7 0.9997
D101-1 0.016 18.8 0.9893 0.0011 27.3 0.9998
D101-2 0.016 13.5 0.9953 0.0017 21.2 0.9998
D101-3 0.013 8.8 0.9882 0.0015 11.8 0.9947

308.15 K EGCG
D101 0.025 41.8 0.9089 0.0011 40.4 0.9997
D101-1 0.013 22.7 0.9971 0.00088 38.9 0.9991
D101-2 0.012 26.9 0.9898 0.00057 40.2 0.9984
D101-3 0.011 20.0 0.9687 0.00059 27.4 0.9916
CAF
D101 0.021 17.1 0.9942 0.0021 28.0 0.9994
D101-1 0.018 14.1 0.9993 0.0021 24.4 0.9998
D101-2 0.017 11.2 0.9932 0.0024 18.8 0.9999
D101-3 0.016 6.8 0.9819 0.0034 10.1 0.9994

318.15 K EGCG
D101 0.012 8.4 0.7172 0.0025 34.2 0.9983
D101-1 0.016 14.4 0.7973 0.0016 33.0 0.9987
D101-2 0.015 30.3 0.9827 0.00044 36.5 0.9995
D101-3 0.0077 18.2 0.9782 0.00055 28.1 0.9749
CAF
D101 0.024 13.9 0.9962 0.0032 24.8 0.9994
D101-1 0.020 7.8 0.9020 0.0040 21.4 0.9990
D101-2 0.017 11.7 0.9990 0.0017 16.2 0.9988
D101-3 0.011 4.1 0.9059 0.0046 8.8 0.9982
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the adsorbent. Many isotherm equations have been proposed to
explain the process of adsorption equilibrium. However, several
models cannot acquire ideal correlation coefficients in fitting
the experimental data. The most widely used isotherm models
are Langmuir, Freundlich, Temkin−Pyzhev, and Dubinin−
Radushkevich isotherms. In the present investigation, the
experimental data were tested with these isotherms.

The Langmuir isotherm model was originally developed to
describe chemisorption on a group of localized adsorption sites
with the same adsorption energy, independent of the surface
coverage and with no interaction between adsorbed mole-
cules.45 Furthermore, the Langmuir adsorption isotherm
assumes that adsorption takes place at specific homogeneous
sites within the adsorbent, and all the adsorption sites are

Figure 5. Adsorption isotherms of (−)-epigallocatechin gallate (EGCG) (A−D) and caffeine (CAF) (E−H) on D101, D101-1, D101-2, and D101-3
at different temperatures.

Table 3. Langmuir Isotherm Parameters for the Adsorption Process of EGCG and CAF onto MARs at 298.15 K, 308.15 K, and
318.15 K

EGCG CAF

isotherm parameters qm (mg/g) KL (mg/mL) rL
2 RL qm (mg/g) KL (mg/mL) rL

2 RL

D101 298.15 K 69.7 0.042 0.9906 0.026 62.9 0.023 0.9970 0.025
308.15 K 60.3 0.042 0.9992 0.025 75.2 0.040 0.9989 0.044
318.15 K 50.1 0.045 0.9936 0.028 67.7 0.058 0.9917 0.062

D101-1 298.15 K 60.5 0.043 0.9975 0.027 55.2 0.034 0.9982 0.037
308.15 K 52.2 0.038 0.9972 0.024 50.9 0.039 0.9933 0.043
318.15 K 45.3 0.042 0.9949 0.026 50.7 0.063 0.9966 0.067

D101-2 298.15 K 63.8 0.045 0.9995 0.028 44.0 0.063 0.9910 0.067
308.15 K 55.0 0.042 0.9949 0.026 43.5 0.083 0.9916 0.086
318.15 K 47.7 0.042 0.9976 0.026 42.5 0.12 0.9929 0.12

D101-3 298.15 K 31.3 0.025 0.9662 0.016 26.6 0.23 0.9873 0.21
308.15 K 35.8 0.041 0.9582 0.026 37.1 0.36 0.9799 0.29
318.15 K 42.2 0.049 0.9581 0.031 98.3 1.26 0.9854 0.59
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energetically identical. It has been used successfully for many
adsorption processes of monolayer solid−liquid adsorption.
The Langmuir isotherm equation is represented as:

= +C q K q C q/ / /e e L m e m

where qe and qm are the equilibrium and maximum adsorption
capacity (mg/g dry resin), respectively. Ce is the equilibrium
concentration of EGCG or CAF solution (mg/mL). KL is the
parameter related to the adsorption energy (mg/mL).
Plotting Ce/qe against Ce resulted in a straight line, and the

values of the corresponding parameters were calculated from
the intercept and slope. As shown in Table 3, the rL

2 values
were all higher than 0.99 for D101, D101-1, and D101-2, which
indicated a very good mathematical fit. The Langmuir isotherm
equation reasonably demonstrated the adsorption process of
EGCG and CAF. However, the rL

2 values were lower than 0.99
for D101-3, indicating that an error existed, as the Langmuir
isotherm equation was used to explain the adsorption process
of EGCG and CAF onto D101-3.
The adsorption mechanism of EGCG and CAF on the MARs

was manifested by the Langmuir isotherm theory. Con-
sequently, the essential characteristics of the Langmuir isotherm
were represented according to a dimensionless constant, called
the separation factor or equilibrium parameter (RL).

46

The RL was given as:

=
+

R
C K
1

1 /L
0 L

where C0 is the highest initial concentration of EGCG or CAF
(mg/mL), and KL is the same as mentioned above. The value of
RL gives an indication of the shape of isotherm to be either
unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL < 1), or
irreversible (RL = 0). In the present study, it was obvious, as
shown in Table 3, that the RL values were all in the range of 0 <
RL < 1 at different temperatures and MARs. Therefore, it was
favorable for the adsorption of EGCG or CAF on the MARs.
The Freundlich isotherm equation, known as an empirical

formula, is derived to model the multilayer and heterogeneous
surface adsorption. The Freundlich isotherm usually fits the
experimental data over a wide range of concentrations and gives
the relationship between equilibrium concentration of
adsorbate and adsorption capacity of adsorbent.

The Freundlich isotherm equation is shown as:

= +q n C Klg (1/ )lg lgee F

where KF reflects the adsorption capacity of an adsorbent
((mg/g)(mL/mg)1/n). The parameter n represents the
adsorption affinity of the adsorbent for an adsorbate. The
parameters qe and Ce are the same as mentioned above.
According to Freundlich isotherm equation, the plot of lg qe

versus lg Ce using the equilibrium adsorption data would give a
straight line, and KF and 1/n were obtained from the intercept
and the slope of this straight line, respectively. The values of
corresponding parameters are tabulated in Table 4. Regression
analysis showed that the Freundlich isotherm was also a good
model for EGCG or CAF adsorption on the MARs.
Comparison of the rF

2 values given in Table 4 showed that
the experimental data of CAF adsorption on the MARs fitted
better than that of EGCG, which meant that the adsorption of
CAF and EGCG onto the MARs was a multiple and monolayer
layer adsorption, respectively. The reason for this phenomenon
was attributed to the molecular size of EGCG and CAF. The
molecular structures of EGCG and CAF are shown in Figure 1,
and obviously the molecular size of EGCG was much larger
than that of CAF. The steric resistance increased with the
increase in molecular size, which was a disadvantage for
multiple-layer adsorption. In other words, the smaller the
molecular size, the easier the multiple-layer adsorption. The
values of KF corresponded to the amount of EGCG or CAF
adsorbed onto the MARs. The values of KF had the same trend
as the experimental adsorption capacities for EGCG and CAF.
The value of 1/n was a measure of adsorption intensity or
surface heterogeneity. The value of 1/n below 1 demonstrated
favorable adsorption, and above 1 was indicative of cooperative
adsorption. In the present work, the values of 1/n were in the
range of 0−1, which indicated that the adsorption of EGCG
and CAF onto the MARs was favorable.
The Temkin−Pyzhev isotherm was first developed by

Temkin and Pyzhev and describes the behavior of an
adsorption system on a heterogeneous surface. It is in
accordance with the assumption that the heat of adsorption
of all the molecules in the layer decreases linearly with coverage
due to adsorbate−adsorbate interactions, and adsorption is
characterized by a uniform distribution of binding energies, up
to some maximum binding energy.47

Table 4. Freundlich Isotherm Parameters for the Adsorption Process of EGCG and CAF onto MARs at 298.15 K, 308.15 K, and
318.15 K

EGCG CAF

isotherm parameters KF ((mg/g)(mL/mg)
1/n) 1/n rF

2 KF ((mg/g)(mL/mg)1/n) 1/n rF
2

D101 298.15 K 136.7 0.47 0.9346 493.2 0.72 0.9971
308.15 K 114.3 0.46 0.9521 447.1 0.75 0.9913
318.15 K 88.7 0.45 0.9761 343.5 0.78 0.9957

D101-1 298.15 K 110.7 0.46 0.9432 252.4 0.66 0.9826
308.15 K 92.3 0.43 0.9558 217.8 0.67 0.9894
318.15 K 72.9 0.41 0.9641 167.9 0.69 0.9914

D101-2 298.15 K 122.7 0.48 0.9501 142.6 0.68 0.9992
308.15 K 97.7 0.44 0.9473 123.5 0.70 0.9963
318.15 K 78.0 0.42 0.9605 101.5 0.72 0.9987

D101-3 298.15 K 44.2 0.31 0.9785 41.4 0.73 0.9947
308.15 K 55.9 0.40 0.9917 54.0 0.84 0.9867
318.15 K 72.9 0.46 0.9839 67.6 0.97 0.9870
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The Temkin−Pyzhev isotherm equation is represented as
follows:

= +q RT b C RT b A( / )ln ( / )lne T e T

where R is the gas constant (8.314 J/(mol K)), T is the
absolute temperature (K), and A and bT are the isotherm
constant (mL/mg) and Temkin−Pyzhev constant (J/mol),
respectively. The parameter qe is the same as mentioned above.
Based on Temkin−Pyzhev isotherm equation, the values of

corresponding parameters obtained from the plot of qe versus
ln Ce are given in Table 5. The correlation coefficients of
EGCG onto the MARs were higher than those of CAF,
indicating that the isotherm model was more suitable for the
EGCG/MARs system than for the CAF/MARs system. The
magnitude of adsorption heats (bT) demonstrated that the
adsorption of EGCG and CAF from aqueous solution by the
MARs was feasible, indicating a strong affinity of the MARs for
EGCG and CAF.
The Dubinin−Radushkevich isotherm represents that the

adsorption takes place on a single type of uniform pores, which
is analogous to the Langmuir isotherm. It does not suppose a
homogeneous surface or constant adsorption potential. There-
fore, the Dubinin−Radushkevich isotherm is relatively more
common and always applied to distinguish between the physical
and chemical adsorption.

The Dubinin−Radushkevich isotherm equation is described
as follows:

= −βε +q qln lne
2

m

where β is a constant related to the mean free energy of
adsorption per mole of an adsorbate (mol2/J2) and ε is the
Polanyi potential, equal to RT ln(1 + 1/Ce). R, T, Ce, qe, and qm
are the same as mentioned above.
The isotherm constants qm and β were calculated from the

slope and intercept of the plot of ln qe versus ε2 and are
presented in Table 6. As observed from the Table 6, the values
of the correlation coefficient for EGCG/MARs and CAF/
MARs systems were almost larger than 0.90. Therefore, the
experimental data were well fitted by the Dubinin−
Radushkevich isotherm.
Further, the constant β gives an idea about the mean free

energy E (kJ/mol) of adsorption per molecule of an adsorbate,
when the adsorbate is transferred to the surface of the solid
adsorbent from the solution. The parameter E was calculated
using the relationship given as:

= βE 1/ 2

The magnitude of E is a useful parameter for estimating the
type of adsorption process, whether the adsorption mechanism
is ion-exchange or physical adsorption. The adsorption process
might be physical adsorption when E is in the range of 1−8 kJ/

Table 5. Temkin−Pyzhev Isotherm Parameters for the Adsorption Process of EGCG and CAF onto MARs at 298.15 K, 308.15
K, and 318.15 K

EGCG CAF

isotherm parameters bT (J/mol) A (mL/mg) rT
2 bT (J/mol) A (mL/mg) rT

2

D101 298.15 K 173.1 268.2 0.9991 182.6 479.8 0.9345
308.15 K 194.8 240.6 0.9985 183.5 336.8 0.9618
318.15 K 225.8 185.0 0.9942 192.9 208.4 0.9350

D101-1 298.15 K 192.0 240.8 0.9958 207.4 316.4 0.9666
308.15 K 222.2 246.6 0.9930 218.9 247.7 0.9592
318.15 K 262.2 212.8 0.9908 236.3 162.4 0.9568

D101-2 298.15 K 179.3 223.5 0.9990 232.8 141.3 0.9415
308.15 K 202.4 217.1 0.9992 249.1 112.0 0.9313
318.15 K 252.3 222.8 0.9992 273.7 83.7 0.9436

D101-3 298.15 K 396.2 421.0 0.9929 406.9 42.0 0.9268
308.15 K 182.2 53.2 0.9599 324.3 8.9 0.9028
318.15 K 243.6 133.1 0.9552 324.2 28.8 0.8777

Table 6. Dubinin−Radushkevich Isotherm Parameters for the Adsorption Process of EGCG and CAF onto MARs at 298.15 K,
308.15 K, and 318.15 K

EGCG CAF

isotherm parameters qm (mg/g) β ( × 10−8 mol2/J2) rD‑R
2 E (kJ/mol) qm (mg/g) β ( × 10−8 mol2/J2) rD‑R

2 E (kJ/mol)

D101 298.15 K 68.8 1.7 0.9917 5.4 59.4 2.0 0.9863 5.0
308.15 K 58.9 1.6 0.9975 5.5 57.3 2.2 0.9927 4.8
318.15 K 49.5 1.7 0.9889 5.5 48.7 2.5 0.9702 4.5

D101-1 298.15 K 58.2 1.8 0.9959 5.3 46.9 2.3 0.9899 4.7
308.15 K 52.0 1.6 0.9940 5.6 42.9 2.4 0.9790 4.6
318.15 K 44.6 1.6 0.9886 5.6 37.5 2.7 0.9739 4.3

D101-2 298.15 K 61.2 1.8 0.9987 5.2 34.0 3.2 0.9555 3.9
308.15 K 53.6 1.7 0.9821 5.5 31.3 3.5 0.9477 3.8
318.15 K 46.8 1.6 0.9946 5.6 27.7 3.9 0.9428 3.6

D101-3 298.15 K 32.0 1.4 0.9685 6.0 15.3 7.2 0.9023 2.6
308.15 K 44.4 3.2 0.9684 3.9 14.9 33.1 0.8349 1.2
318.15 K 42.2 1.8 0.9360 5.2 17.7 8.7 0.8836 2.4
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mol, and ion exchange adsorption when E is between 8 and 16
kJ/mol.48 As shown in Table 6, the values of adsorption energy,
E, for the adsorption of EGCG and CAF on the MARs were
found to be in the range of 1−8 kJ/mol at experimental
temperatures. Accordingly, it was possible to say that the simple
physical adsorption dominated the adsorption process of
EGCG and CAF on the MARs due to weak van der Waals
forces.
Adsorption Thermodynamics of EGCG and CAF on

the MARs. The change in adsorption capacities of EGCG and
CAF on the MARs with a rise in temperature was attributed to
the exothermic/endothermic nature of the adsorption process.
However, it needed to be further explained through evaluation
of the thermodynamic parameters, which could provide in-
depth information on inherent energetic changes associated
with the adsorption process.
The Langmuir isotherm equilibrium constant, KL, dependent

on temperature, can be used to examine thermodynamic
parameters. The equilibrium constant K (L/mol) is concerned
with the constant KL. The free energy of adsorption (ΔG0) is
related to the equilibrium constant. Enthalpy (ΔH0) and
entropy (ΔS0) changes are calculated based on the Van’t Hoff
equation. Consequently, thermodynamic parameters such as
ΔG0, ΔH0, and ΔS0 associated with the adsorption process can
be estimated using the following equations:

=K M K/ L

Δ = −G RT Kln0

= − Δ + ΔK H RT S Rln / /0 0

where M is the molecular weight of RA or ST (g/mol) and T is
the absolute temperature (K). The plot of ln K versus 1/T gave
a straight line, and the values of ΔH0 and ΔS0 were calculated
from the slope and intercept, respectively. The corresponding
values of ΔG0, ΔH0, and ΔS0 are presented in Table 7.
As shown in Table 7, the ΔG0 values of the adsorption

processes of EGCG and CAF onto the MARs were negative at
the investigated temperatures, which indicated that the
adsorption processes were spontaneous. The absolute values
of ΔG0 of the adsorption processes of EGCG were larger than
that of CAF on corresponding MARs, meaning that the
adsorption of EGCG was more advantageous than that of CAF.
The ΔH0 for the adsorption of EGCG on D101-1 and D101-2
was positive, indicating that the process was endothermic in
nature, while for the adsorption of EGCG on D101 and D101-
3, the opposite result was obtained. The negative values of ΔH0

for the adsorption of CAF on the MARs indicated that the
adsorption processes were exothermic. The positive ΔS0 values
for EGCG on D101, D101-1, and D101-2 implied increasing

randomness at the solid−liquid interface during the adsorption
process.49 The reasons were summarized in the following two
aspects: First, the values of D (the fractal dimension) of D101,
D101-1, and D101-2 were 2.64, 2.62, and 2.61, respectively,
which meant that the surfaces of D101, D101-1, and D101-2
were comparatively irregular. Second, the extract of waste tea
had many chemical compositions. The adsorbates on the
surface of D101, D101-1, and D101-2 also had many kinds of
chemical compositions and were irregularly arranged. In
addition, the hydrated EGCG would dehydrate once being
adsorbed, and then the amount of free water molecules would
increase. The randomness of the system depends on the
adsorbate and solution. The coordination of dehydration of
hydrated EGCG and solution results in the positive entropy.
On the contrary, the negative ΔS0 values for EGCG on D101-3
and CAF on D101, D101-1, D101-2, and D101-3 implied
decreasing randomness because the adsorbate molecules were
arranged from the irregular state to the regular state at the
solid−liquid interface during the adsorption process.

Effect of Temperature on EGCG and CAF Adsorption
by D101-3. According to the study of adsorption kinetics,
isotherm, and thermodynamics of EGCG/MARs and CAF/
MARs systems, the effect of temperature on EGCG and CAF
adsorption by D101-3 was further investigated. Figure 6 shows

that the adsorption capacity of D101-3 for EGCG increased fast
from 298.15 K to 338.15 K, and decreased slightly after 338.15
K. Moreover, adsorption capacity of D101-3 for CAF increased
fast from 298.15 K to 308.15 K and then hardly changed from
308.15 K to 328.15 K but decreased quickly after 328.15 K. It
was possible that the shape of the EGCG molecule might

Table 7. Thermodynamics Parameters for the Adsorption Process of EGCG and CAF onto MARs at Different Temperatures

ΔG0 (kJ/mol)

thermodynamics parameters 298.15 K 308.15 K 318.15 K ΔH0 (kJ/mol) ΔS0 (J/(mol K))

EGCG D101 −23.1 −23.9 −24.4 −2.8 68.1
D101-1 −23.0 −24.1 −24.6 0.6 79.5
D101-2 −22.9 −23.8 −24.6 2.7 86.0
D101-3 −24.3 −23.9 −24.2 −27.0 −9.4

CAF D101 −22.4 −21.7 −21.5 −37.1 −49.2
D101-1 −21.5 −21.8 −21.2 −24.8 −10.7
D101-2 −19.9 −19.9 −19.6 −24.7 −15.9
D101-3 −16.7 −16.1 −13.3 −66.7 −166.6

Figure 6. Effect of temperatures on adsorption capacity of
(−)-epigallocatechin gallate (EGCG) and caffeine (CAF) on D101-3.
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relatively match with the pore structure of D101-3 resin at
328.15 K. On the other hand, the mobility of EGCG in the
solution was enhanced with the increase in temperature. In
general, physisorption was considered to be important for
temperatures lower than 373.15 K and chemisorption for
temperatures higher than 373.15 K.50 The experimental
temperatures in this study were all lower than 373.15 K, and
the mechanism was physical adsorption, validated by the values
of E. Meanwhile, the stability of EGCG at high temperature
should be considered. Therefore, in order to improve
adsorption capacity for EGCG and reduce that for CAF, the
optimal temperature was 338.15 K for the purification of
EGCG from the tea extracts.
Adsorption Mechanisms of EGCG and CAF on the

MARs. In general, the adsorbate−adsorbent interaction does
play an important role in the adsorption process. The effective
interactions include van der Waals force, hydrogen bonding,
hydrophobic interaction, and electrostatic interaction. On the
basis of the analyses mentioned above, adsorption mechanisms
of EGCG and CAF on the MARs were deduced. As shown in
Figure 1, EGCG possesses phenyl, hydroxy, and ester groups,
and CAF is an N-containing fused heterocycle system with two
carbonyl groups. For D101, a nonpolar styrene-co-divinylben-
zene copolymer with no functional groups, π−π interaction
between the phenyl rings of D101 and EGCG was one of the
main driving forces for the adsorption. Moreover, charge
transfer interaction between the phenyl rings of D101 and
oxygen atom of EGCG was also an important force. The
adsorption of CAF on D101 was similar to that of EGCG.
Compared with D101, D101-1 possessed a chloromethyl group,
which had hardly any effect on the adsorption of EGCG and
CAF. However, by introducing a chloromethyl group into
D101, the steric resistance increased so that adsorption
capacities for EGCG and CAF slightly decreased. Hydrogen
bonding between EGCG and D101-2, with an amino group,
was larger than that of CAF and D101-2. Thus, adsorption
capacity for EGCG on D101-2 slightly increased, and
adsorption capacity for CAF on D101-2 obviously decreased.
The adsorption selectivity of EGCG and CAF from the extract
of waste tea on D101-3, with a phenylamino group, was
increased greatly. This was due to the presence of more π−π
interactions and the formation of more hydrogen bonds
between D101-3 and EGCG. That is to say, the affinity of
D101-3 for EGCG was much larger than that for CAF.
Therefore, on the basis of its selectivity, D101-3 would be most
effective for the industrial production of highly enriched
EGCG.
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