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A hypercrosslinked poly(styrene-co-divinylbenzene) resin (TEPA) was synthesized and characterized as a
specific polymeric adsorbent for concentrating berberine hydrochloride from aqueous solutions. Three
organic molecules of different sizes (2-naphthol, berberine hydrochloride, and Congo red) were used
as target molecules to elucidate the molecular sieving effect of the TEPA adsorbent. Because the TEPA
adsorbent has a pore structure consisting mainly of micropores and mesopores, the adsorption of 2-naph-

ﬁ"yw"rdS: linked thol from aqueous solutions is very efficient due to the micropore filling effect. The adsorption of berber-
Rgspisrcross tnke ine hydrochloride mostly takes place in the mesopores as well as macropores, while the adsorption of
Adsorption Congo red mainly occurs in the macropores. The smaller adsorbate molecule (2-naphthol) reaches the

adsorption equilibrium much faster than the larger ones (berberine hydrochloride and Congo red). An
adsorption breakthrough experiment with an aqueous solution containing 2-naphthol and berberine
hydrochloride demonstrated that the TEPA adsorbent could effectively remove 2-naphthol from berber-
ine hydrochloride at 0-107 BV (bed volume, 1 BV = 10 ml), and the berberine hydrochloride concentra-
tion was increased from 66.7% to 99.4%, suggesting that this polymeric adsorbent is promising for

Purification
Berberine hydrochloride
Molecular sieving

purifying berberine hydrochloride and similar alkaloids from herbal plant extracts.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Berberine hydrochloride is an isoquinoline derivative alkaloid
that widely exists in the herbal plants. Berberine hydrochloride
has many pharmacological effects such as anticancer activity, anti-
biotic property, and anti-inflammatory effect; it is being used as a
natural medicine in several clinical applications [1,2]. Extraction of
berberine hydrochloride from herbal plants is the most commonly
approach to produce berberine hydrochloride. A series of time-
consuming steps such as dissolving, filtration, recrystallization,
and column separation are needed to obtain berberine hydrochlo-
ride with a relatively high purity. However, this approach is cum-
bersome and very difficult to achieve the required high purity
because a large number of impurities are found in the herbal plant
extracts. These impurities include many small water-soluble mol-
ecules such as phenol, 2-naphthol, and ferulic acid, which are very
difficult to remove from raw materials by the conventional ap-
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proaches [1]. As a result, selective separation and purification of
berberine hydrochloride from herbal plant extracts are a very chal-
lenging task.

Adsorption is believed to be the most widely used and the most
effective process for separation and purification of natural prod-
ucts like berberine hydrochloride. Silica gel (SiO,), alumina
(Al,03), activated carbon, and polymer resins are the commonly
used adsorbents for purification of natural products using the col-
umn chromatography [3]. However, efficient regeneration and high
selectivity of the adsorbents are the two main problems. There are
two ways to achieve the purification of certain compounds by
adsorption. One approach is to adsorb the target compound by
ion-exchange, hydrophobicity interaction, and hydrogen bonding,
etc., and to recover the target compound in the desorption effluent.
This technique has been extensively applied for the purification of
natural products including berberine hydrochloride [3-5]. The
other method is adsorbing or removing the coexisting impurities
from the mixture and recovering the target molecules in the
adsorption effluent [6]. However, no literature is currently avail-
able for concentrating berberine hydrochloride from aqueous solu-
tions by the second approach.

Because of its unique pore structure and surface functionalities,
hypercrosslinked poly(polystyrene-co-divinylbenzene) (PS) resin
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is widely used for adsorptive removal of aromatic compounds such
as benzene, toluene, 2-naphthol, and phenol from aqueous solu-
tions [7-9]. Besides the high adsorption capacity for aromatic com-
pounds, this kind of polymeric adsorbent can be reused for more
than 50 cycles and is being considered as a potential replacement
of activated carbon for removal of organic compounds from waste-
water [10-13]. Additionally, this type of resin has also been used as
column packing materials in high-performance liquid chromatog-
raphy (HPLC), ion size-exclusion chromatography materials and
solid-phase extraction materials for gases, organic contaminants,
and organic vapors [11,14-16]. Hypercrosslinked PS resin is gener-
ally synthesized from a linear PS or a low crosslinked PS by adding
bifunctional crosslinking reagents and Friedel-Crafts catalysts
[12,17], and it can also be prepared from a macroporous low cross-
linked chloromethylated PS via its self Friedel-Crafts reaction [18].
By using this method, a large number of rigid crosslinked bridges
are formed between the polymeric chains, which lead to a major
shift of the pore diameter distribution of the hypercrosslinked re-
sin from predominately mesopores to mesopores/micropores bi-
modal distribution, and a sharp increase in the Brunauer-
Emmet-Teller (BET) surface area and pore volume [11,19]. Because
of these significant changes, the hypercrosslinked PS resin exhibits
excellent adsorption capacities for nonpolar and weakly polar aro-
matic compounds in aqueous solutions [20]. These resins are often
modified by using polar compounds as the crosslinking reagent
and addition of polar compounds to introduce polar units into
the copolymers in the Friedel-Crafts reaction in order to increase
their adsorption capacities toward polar aromatic compounds
[21,22], and the modified hypercrosslinked resins exhibit im-
proved adsorption properties toward polar aromatic compounds
by introducing certain specific functional groups on the surface
[12,23].

In this study, we aim at separating berberine hydrochloride
from smaller molecules such as 2-naphthol from aqueous solutions
by using a novel hypercrosslinked PS resin TEPA. For this purpose,
the TEPA resin was synthesized, characterized, and evaluated for
adsorption and separation of berberine hydrochloride from aque-
ous solutions. The molecular sieving effect of TEPA was illustrated
by using three model molecules with different molecular size
including 2-naphthol, berberine hydrochloride, and Congo red.
The adsorption of these three adsorbates from aqueous solutions
containing only single-component and solutions containing mix-
ture of these adsorbates were performed and analyzed in detail.
The separation capability of TEPA polymeric adsorbent was also
demonstrated in an adsorption column breakthrough experiment
with an aqueous solution containing a mixture of berberine hydro-
chloride and 2-naphthol.

2. Materials and methods
2.1. Materials

Macroporous crosslinked chloromethylated PS was purchased
from Langfang Chemical Co. Ltd. (Hebei province, China), its cross-
linking degree was 6%, its chlorine content was measured to be
17.3%, and its Brunauer-Emmett-Teller (BET) surface area and
pore volume were determined to be 28 m?/g and 0.0036 cm?/g,
respectively. 2-Naphthol, berberine hydrochloride, and Congo red
applied as the adsorbates in this study were analytical reagents
and purchased from Sigma-Aldrich, and they were used without
any further purification. Their main properties including the
molecular structure, molecular weight, and molecular size were
listed in Table 1. The molecular size of these molecules was ob-
tained from the optimized molecular structure performed by the
Gaussian 09 software package. Density functional theory (DFT)

method with 6-31 G basis set was employed for the calculation,
and the optimized molecular structure was achieved if there was
no imaginary frequency. Their optimized molecular structure mod-
els obtained from the Gaussian 09 can be exhibited by the Gaussian
View program and displayed in Fig. 1.

2.2. Synthesis of TEPA resin

For synthesis of TEPA resin, a typical hypercrosslinked PS poly-
meric adsorbent named HJ-11 was firstly prepared from macropo-
rous crosslinked chloromethylated PS through a Friedel-Crafts
alkylation reaction by using 1, 2-dichloroethane as the solvent
and anhydride iron (III) chloride as the catalyst, and the synthe-
sized procedure was performed according to the method in ref
[13]. Thereafter, 20 g of HJ-11 was immersed in 100 ml of 1,2-
dichloroethane at a room temperature overnight, superfluous
1,2-dichloroethane was then poured out, and 50 ml of tetraethyl-
enepentamine was added into the reaction mixture. The reaction
mixture was filtrated after keeping at 428 K for about 15 h, and
the solid polymeric adsorbent TEPA was obtained. To remove the
residual impurities in the pores of the solid particles, TEPA resin
was firstly rinsed by a 1% of hydrochloric acid aqueous solution
and followed by de-ionized water until neutral pH. After that, it
was subjected to a 1% of sodium hydroxide aqueous solution and
washed by de-ionized water until a neutral pH was obtained. Final-
ly, the TEPA resins were extracted by anhydrous ethanol for 12 h
and dried under a vacuum at 323 K for 8 h.

2.3. Characterization of the resins

The resins were characterized in terms of texture and chemical
composition. For the textural characterization, the BET surface
area, pore volume, and pore diameter distribution were deter-
mined by N, adsorption-desorption isotherms with the tempera-
ture at 77 K on a Micromeritics Surface Area and Porosimetry
Analyzer ASAP 2020. Prior to the measurement, the samples were
degassed under vacuum at 353 K for approximately 10 h. For the
chemical composition characterization, the conventional chemical
analysis of the resins such as the residual chlorine content, weak
basic exchange capacity was determined according to the method
in Refs. [24,25]. The Fourier-transformed infrared ray (FT-IR) spec-
tra of the resins with vibrational frequencies in the range of 500-
4000 cm~! were collected by KBr disks on a Spectrum 400 FT-IR
spectrometer. The surface morphology, element composition, and
particle size of the resin were carried out by scanning electron
microscopy (SEM) equipped with energy dispersive X-ray spectros-
copy (EDS). The concentration of 2-naphthol, berberine hydrochlo-
ride, and Congo red in aqueous solution was analyzed by Lambda
35 UV-VIS spectrometer at the wavelength of 274, 344, and
499 nm, respectively.

2.4. Adsorption equilibrium

About 0.1000 g of the resin was accurately weighed and intro-
duced to a 50 ml of the adsorbate aqueous solution with known
concentrations Co (mg/L) in a conical flask with a stopper (for the
adsorption from the mixture solution, two series adsorbate solu-
tions with known concentrations were simultaneously performed).
The series of conical flasks were then shaken with a constant speed
(200 rpm) for 6 h at 298 K in a thermostatic oscillator until the
adsorption equilibrium was reached. The equilibrium concentra-
tion of the adsorbate C. (mg/L) was analyzed, and the equilibrium
adsorption capacity of the adsorbate on the resin g. (mg/g) was cal-
culated by conducting a mass balance on the adsorbate before and
after the adsorption as:
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Table 1
The main properties of 2-naphthol, berberine hydrochloride and Congo red.

Substance Formula Molecular Structure Molecular weight Molecular size
2-Naphthol C10H,0H 144.2 0.80 nm x 0.53 nm
Berberine hydrochloride CoH;3CINO4 371.8 1.47 nm x 0.66 nm x 0.32 nm

Congo red

C32H22N606S2Nay his . . Nty 696.7
OO s *

2.29 nm x 0.82 nm x 0.60 nm

Fig. 1. Optimized molecular structure models of (a) 2-naphthol, (b) berberine hydrochloride, and (c) Congo red on Gaussian View program calculated by a Gaussian 09

software package.

ge = (Co—Ce) - V/W (1)

where V is the volume of the solution (L) and W is the weight of the
resin (g).

Competitive adsorption between 2-naphthol, berberine hydro-
chloride, and Congo red on the TEPA adsorbent was also investi-
gated by measuring adsorption isotherms of these three
adsorbate molecules using aqueous solutions containing mixture
of these adsorbates. Experiments were also carried out by exposing

the TEPA adsorbent to one of the adsorbate molecules then mea-
suring the adsorption isotherms of another adsorbate.

2.5. Adsorption kinetic

About 1.0000 g of the resin was firstly weighed and mixed with
250 mL of adsorbate aqueous solution in a 500 mL of the conical
flask (an initial concentration of the adsorbate was set to be
400 mg/L). The flask was then continuously shaken in the
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Fig. 2. Characterization results for the TEPA adsorbent: (a) N, adsorption-desorption isotherms; (b) pore diameter distribution (Density functional theory method, slit pore);

(c) FT-IR spectra; (d) EDS; (e) SEM.
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Fig. 3. Adsorption isotherms of 2-naphthol, berberine hydrochloride and Congo red
on TEPA from single-component solutions at 298 K.

thermostatic oscillator at 298 K until the adsorption equilibrium
was reached. During the shaking process, 0.5 mL of the adsorbate
aqueous solution was withdrawn at a preset interval, the concen-
tration of the adsorbate aqueous solution at the contact time t, C;
(mg/L), was recorded, and the adsorption capacity at the contact
t, g (mg/g), was calculated as:

g = (Co—G)-V/W (2)

2.6. Dynamic adsorption and separation of berberine hydrochloride
from a mixture solution

In the dynamic adsorption and separation experiment, 10 mL of
wet TEPA resin was densely packed in a glass column with an inner
diameter of 19 mm, and de-ionized water was continuously rinsed
the resin column until the absorbance of the effluent from the resin
column was zero. A synthetic mixture solution containing
1000 mg/L of berberine hydrochloride and 500 mg/L of 2-naphthol
was passed through the resin column at a flow rate of 2.8 mL/min
(16.8 BV/h, BV means bed volume, 1 BV =10 mL). The effluents
from the resin column were collected, and the concentration of
berberine hydrochloride as well as 2-naphthol in the effluents
was simultaneously monitored until it approached the initial one.

3. Results and discussion
3.1. Characterization of the resins

Fig. 2a compares the N, adsorption-desorption isotherms of
TEPA with those of the chloromethylated PS. The N, adsorption

capacity of TEPA is shown to be much larger than that of the chlo-
romethylated PS at the same relative pressure, suggesting that the

Table 2

BET surface area as well as the pore volume of TEPA is much higher
than those of the chloromethylated PS. In fact, the BET specific
surface area and pore volume of TEPA were measured to be
743.2 m?/g and 0.5105 cm?/g, respectively, much higher than those
of the chloromethylated PS [26,27]. In addition, the micropore sur-
face area and micropore volume of TEPA were determined to be
529.0 m?/g and 0.2688 cm?/g, respectively, which are more than
one half of the total surface area and pore volume, implying that
the micropores are the predominant pores in the TEPA adsorbent,
which is consistent with the pore diameter distribution of TEPA
plotted in Fig. 2b. Fig. 2b indicates that two typical pore regions
are presented for TEPA, and the most predominant pores are the
micropore (<2 nm), mesopores (2-50nm), and macropores
(>50 nm) also exist in this sample. In comparison, the structure
of chloromethylated PS is dominated by macropores.

As displayed in Fig. 2c, the strong vibrational band related to C-
Cl stretching of the CH,Cl groups with frequency at 1265 cm™! is
greatly weakened after the Friedel-Crafts reaction, while all of
the other vibrations remain the same, which indicates that the
chlorine of the chloromethylated PS was consumed in the Fri-
edel-Crafts reaction. This observation agrees with the results of
the chlorine content of the resins. The residual chlorine content
of HJ-11 was measured to be 3.20%, which is much lower than that
of the chloromethylated PS (17.3%). Moreover, the results of EDS
shown in Fig. 2d also support this result because the intensity of
the chlorine of HJ-11 was much lower than that of the chlorome-
thylated PS. Additionally, the residual chlorine content further re-
duced to 1.26%, and the weak basic exchange capacity for TEPA was
measured to be 0.704 mmol/g of, implying that the residual chlo-
rine on the surface of HJ-11 was further substituted by the amino
groups (-NH- or -NH,) of tetraethylenepentamine, and this
deduction can also be confirmed by the vibrations at 3426 cm™!
(N-H stretching) and 1120 cm~' (C-N stretching) in the FT-IR spec-
trum for TEPA. In particular, the result of EDS in Fig. 2d also sup-
ports this result because the intensity of the chlorine of TEPA
was further reduced in comparison with HJ-11, while there ap-
peared a new small peak related to the nitrogen atom in the EDS
for TEPA. The SEM images of the chloromethylated PS, HJ-11, and
TEPA are shown in Fig. 2e. It is interesting to see that the surface
of HJ-11 is much smoother than that of the chloromethylated PS,
while the surface of TEPA is rougher than that of HJ-11.

3.2. Adsorption isotherms of pure component

Fig. 3 displays the adsorption isotherms of 2-naphthol, berber-
ine hydrochloride, and Congo red on TEPA. It seems that the
adsorption of 2-naphthol on TEPA is very effective, and the
equilibrium adsorption capacity of 210.0 mg/g was obtained at
an equilibrium concentration of 100 mg/L at 298 K, which is much
larger than that of other adsorbents such as commercial resins
XAD-4 and XAD-7 as well as the hydroquinone modified hyper-
crosslinked PS resin [22,28]. The relatively higher BET surface area
and pore volume of TEPA (743.2 m?/g and 0.5105 cm?/g, respec-
tively) are the primary reasons for the more efficient adsorption

The fitted results for the adsorption of 2-naphthol, berberine hydrochloride, and Congo red on TEPA from the single solution according to Langmuir and Freundlich isotherm

models with the temperature at 298 K.

Langmuir model

Freundlich model

qm (mg/g) Ki (L/mg) R? K [(mg/g)(L/mg)"/"] 1/n R
2-Naphthol 350.9 2.140 x 1072 0.9894 32.68 0.4053 0.9965
Berberine hydrochloride 1316 1.367 x 10 0.05984 0.1780 0.9971 0.9917
Congo red 2326 3.896 x 10 0.02492 9.119 x 1072 0.9973 0.9982
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of 2-naphthol on TEPA. Meanwhile, the micropore surface area and
micropore volume play dominant roles for TEPA, which are very
suitable for the pore filling of 2-naphthol (molecular size:
0.80 nm x 0.53 nm) according to the micropore filling theory
[29]. In particular, the surface of TEPA is modified by a few polar
amino groups, which can be acted as the hydrogen bonding accep-
tor, and 2-naphthol is a polar molecule with a hydroxyl group,
which can be employed as the hydrogen bonding donator, so the
polarity matching (e.g., hydrogen bonding) can also enhance the
adsorption affinity for 2-naphthol.

The adsorption capacity of 2-naphthol on TEPA is seen to be the
largest, while that of Congo red is the smallest among the three
adsorbates; only about 15% of berberine hydrochloride and 13%
of Congo red were adsorbed on TEPA from aqueous solutions.
The adsorption capacity of these three adsorbates on TEPA is in
the order of Je (2-naphthol) > (e (berberine hydrochloride) > (e (Congo red)-
The molecular sizes of 2-naphthol, berberine hydrochloride, and
Congo red are predicted to be 0.80 nm x 0.53 nm, 1.47 nm x
0.66 nm x 0.32 nm, and 2.29 nm x 0.82 nm x 0.60 nm, respec-
tively (Table 1), which follows the order of 2-naphthol < berberine
hydrochloride < Congo red. TEPA shows the smallest adsorption
capacity for the adsorbate with the largest molecular size (Congo
red), while the adsorbate with a smallest molecular size (2-naph-
thol) has the largest adsorption capacity, suggesting a potential
molecular sieving effect of the TEPA adsorbent for organic mole-
cules of different sizes. According to the pore diameter distribution
of TEPA (Fig. 2b), some mesopores (2-50 nm) as well as macrop-
ores (>50 nm) were found in the TEPA sample, which are responsi-
ble for the adsorption of berberine hydrochloride in the TEPA
adsorbent. As for Congo red, only the macropores in the TEPA are
accessible and useful for adsorbing Congo red, so its adsorption
capacity is the smallest.

Langmuir and Freundlich isotherm models are applied to corre-
late the adsorption isotherm data, and the linear form of Langmuir
and Freundlich isotherms is given as:

Langmuir isotherm : Ce = Ce + 1
de A Kl—qm

(3)

Freundlich isotherm : logq. = logKr + (%) -log Ce (4)

where ¢, is the monolayer adsorption capacity (mg/g), K; (mL/g) is
the Langmuir constant, Kr and n are the Freundlich equation con-
stants. Kg is an indicator of the equilibrium adsorption capacity,
while n is related to the adsorption favorability or surface energy
heterogeneity.

The model parameters such as g, Ki, K¢, and 1/n as well as the
correlation coefficient R? for both Langmuir and Freundlich equa-
tions are summarized in Table 2. The larger correlation coefficient
for the Freundlich equation suggests that the Freundlich isotherm
model is more suitable for describing the adsorption isotherms
presented in Fig. 3 [30].

When we compare the K for these three adsorbates, it is inter-
esting to see that 2-naphthol (32.68) has a much larger K value
than that of berberine hydrochloride (0.1780) and Congo red
(9.119 x 1072), which is in consistent with equilibrium results of
these three adsorbates on TEPA. Generally speaking, adsorption is
easy to take place when 1/n value of the Freundlich equation is be-
tween 0.1 and 0.5, it is difficult to occur when 1/n value is between
0.5 and 1.0, and it is very difficult to occur when 1/n value exceeds
1 [31]. The 1/n values of 2-naphthol, berberine hydrochloride, and
Congo red are calculated to be 0.4053, 0.9971, and 0.9973,
respectively. Therefore, it is expected that the TEPA adsorbent
can effectively remove 2-naphthol from berberine hydrochloride
(or Congo red).
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Fig. 4. Adsorption isotherms of (a) 2-naphthol, (b) berberine hydrochloride, (c)
Congo red on TEPA resin from mixture solutions.

3.3. Competitive adsorption between 2-naphthol, berberine
hydrochloride and Congo red

Fig. 4 compares the adsorption isotherms of three adsorbates
obtained with single-component solutions and those with mixture
solutions. Fig. 4a indicates that the effect of berberine



84 Y. Li et al./Journal of Colloid and Interface Science 400 (2013) 78-87

Table 3

The fitted results for the adsorption of 2-naphthol, berberine hydrochloride, and Congo red from the mixture solution according to Langmuir and Freundlich isotherm models.

Langmuir isotherm model

Freundlich isotherm model

qm (Mg/g) Ki (Ljmg) S K [(mg/g)(L/mg)"/"] n R
2-Naphthol
Single adsorbate solution 350.9 2.140 x 1072 0.9894 32.68 2.467 0.9965
Mixture solution with berberine hydrochloride 340.1 3.033 x 1072 0.9649 35.79 2.381 0.9982
Mixture solution with Congo red 295.0 1.817 x 1072 0.9941 19.91 2.103 0.9757
Berberine hydrochloride
Single adsorbate solution 1316 1.367 x 107* 0.05984 0.1780 1.003 0.9917
Mixture solution with 2-naphthol 63.86 8.528 x 102 0.9924 3.519 2.206 0.9905
Congo red
Single adsorbate solution 2326 3.896 x 10°° 0.02492 9.119 x 1072 1.003 0.9982
Mixture solution with 2-naphthol / / 0.04953 8.109 x 1072 0.9719 0.9872

hydrochloride on the adsorption of 2-naphthol from a mixture
solution is quite different from that of Congo red. When compared
with adsorption isotherm obtained from single-component solu-
tions, the adsorption of 2-naphthol from a mixture solution with
Congo red is slightly weakened, while that from mixture solutions
with berberine hydrochloride is slightly enhanced. The water solu-
bility of berberine hydrochloride (0.1959 g/100 mL at 25 °C [32]) is
much higher than that of 2-naphthol (0.0876 g/100 mL at 29.5 °C
[33]). As berberine hydrochloride is added to the aqueous solution
of 2-naphthol, a large number of water molecules are captured to
dissolve berberine hydrochloride, which results in a “salt-out”
effect for 2-naphthol [26], inducing an enhanced adsorption of
2-naphthol due to the higher hydrophobicity [34]. The molecular
size of Congo red is so large that it blocks the diffusion of 2-naph-
thol from aqueous solution to the pores of TEPA as Congo red is
coexistent with 2-naphthol, which leads to a weaker adsorption
of 2-naphthol.

Fig. 4b displays that the adsorption isotherm of berberine
hydrochloride from the mixture solution is different from the
adsorption isotherm obtained from its single-component solution.
Lower concentrations of 2-naphthol (<250 mg/L) have a positive
effect on the adsorption of berberine hydrochloride, while higher
concentrations (>250 mg/L) produce a negative effect. At lower
concentrations of 2-naphthol, the adsorption sites of TEPA are
more than the number of 2-naphthol molecules, and the pore
structure of TEPA may be alerted to some degree after the adsorp-
tion of 2-naphthol, which may be more suitable for the adsorption
of berberine hydrochloride. However, the strongly competitive
adsorption of 2-naphthol on TEPA cannot be ignored at higher con-
centrations of 2-naphthol, which reduces the adsorption of berber-
ine hydrochloride. Because adsorption of 2-naphthol mainly takes
place in the micropores and mesopores of TEPA, while that of Con-
go red predominantly occurs in the macropores, hence as shown in
Fig. 4c, the adsorption of Congo red from its single-component
solution is almost the same as that from the mixture solution.

Langmuir and Freundlich isotherm models are applied to corre-
late the adsorption isotherm data (Table 3). It is observed that the
Freundlich model can describe the adsorption isotherms better
than Langmuir model for the adsorption of 2-naphthol from the
mixture solutions with berberine hydrochloride, while Langmuir
model is better than Freundlich model for characterizing the
adsorption from the mixture solution with Congo red, which fur-
ther confirms the different effect of berberine hydrochloride and
Congo red on the adsorption of 2-naphthol from the mixture solu-
tion. Additionally, it is observed that the Langmuir isotherm fits
better for the adsorption of berberine hydrochloride from the mix-
ture solution, which is quite different from the results from its sin-
gle solution. These results might further confirm that the surface of
TEPA covered by 2-naphthol is more similar to be an ideal surface
than that from the single-component solutions. Similar to the
adsorption from the single-component solution, the adsorption of

Congo red from the mixture solution can also be described by
the Freundlich model.

The competitive adsorption between 2-naphthol, berberine
hydrochloride, and Congo red on the TEPA adsorbent was also
studied by exposing the TEPA sample to one of the adsorbates then
measuring the adsorption isotherms of another adsorbate. After
adsorbing berberine hydrochloride or Congo red (the initial con-
centration of berberine hydrochloride or Congo red was set to be
400 mg/L), the TEPA resins were washed with a small amount of
water and further employed to adsorb 2-naphthol at different con-
centrations. As displayed in Fig. 5a, adsorption of 2-naphthol is re-
duced after the TEPA adsorbent is preloaded with berberine
hydrochloride or Congo red, and the impact of berberine hydro-
chloride is more profound than that of Congo red. This is basically
because both berberine hydrochloride and Congo red adsorb pref-
erentially in the mesopores and macropores that are more accessi-
ble to these two adsorbates, which could partially block the
entrance of the micropores and smaller mesopores (<1.5 nm). Be-
cause the molecular size of berberine hydrochloride
(1.47 nm x 0.66 nm x 0.32 nm) is smaller than that of Congo red
(2.29 nm x 0.82 nm x 0.60 nm), the blockage by the berberine
hydrochloride is greater than Congo red, so the adsorption sites
available for 2-naphthol are less, and the adsorption capacity
reduction is greater when TEPA is preloaded with berberine hydro-
chloride. The isotherms were fitted by Langmuir and Freundlich
isotherm models, and the equation constants are summarized in
Table S. Neither of Langmuir nor Freundlich isotherm models can
fit the adsorption of 2-naphthol after adsorption of berberine
hydrochloride, but the Freundlich isotherm model can describe
the adsorption of 2-naphthol after adsorption of Congo red.

After adsorption of 2-naphthol, the adsorption isotherms of ber-
berine hydrochloride or Congo red on TEPA are shown in Fig. 5b
and c, respectively. It can be seen that the adsorption of Congo
red on TEPA after adsorption of 2-naphthol is the same as the
adsorption from the single-component solution, suggesting differ-
ent adsorption sites for these two adsorbates, and 2-naphthol is
mainly adsorbed in the micropore and mesopores, while Congo
red is adsorbed in the macropores. On the other hand, the adsorp-
tion isotherm of berberine hydrochloride after adsorption of 2-
naphthol is similar to that obtained from the mixture solution
(Fig. 4b). A similar explanation on the mixture adsorption can be
applied here. The fitted results (Table 4) showed that both of
Langmuir and Freundlich models are suitable for describing the
adsorption data of berberine hydrochloride after adsorption of
2-naphthol.

3.4. Adsorption kinetics
Fig. 6 displays the adsorption kinetic curves of 2-naphthol,

berberine hydrochloride, and Congo red on TEPA from the single-
component solution at 298 K. It was observed that the adsorption
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Fig. 6. Adsorption uptake curves of 2-naphthol, berberine hydrochloride, and
Congo red on TEPA resin from aqueous solutions.

of 2-naphthol on TEPA is very fast in the first hour (reaches 90% of
the equilibrium capacity) and arrives at the equilibrium within
180 min. With the increase in adsorbate molecular size, the time
required for reaching adsorption equilibrium also increases. For
berberine hydrochloride, the adsorption is much slower than that
of 2-naphthol; only 40% of the equilibrium capacity is obtained
in the first 1 h, and more than 480 min are required to reach the
equilibrium. For Congo red, the adsorption does not reach equilib-
rium even after 24 h later. These observations imply that it is pos-
sible to achieve a good separation of 2-naphthol and berberine
hydrochloride by exploring the difference of adsorption kinetics
of these two molecules.

Typically, the Lagergren’s rate equation (pseudo-first-order rate
equation) and the pseudo-second-order equation proposed by Ho
and McKay [35,36] are frequently employed for analyzing the
adsorption kinetic data, and they can be represented as:

Pseudo-first-order :  In(1 — F) = —k;t (5)

11 (6)

Pseudo-first-order: — = 5
q kg qe

where k; and k, are the pseudo-first-order rate (1/min) and the
pseudo-second-order rate constant (g/(mg min)), and F is the frac-
tional attainment of the equilibrium as F = q¢/qe.

The fitted parameters and the correlation coefficients R? for the
pseudo-first-order and pseudo-second-order rate equation are
summarized in Table 5. The pseudo-second-order rate equation is
shown to be more appropriate for describing the kinetic data of
berberine hydrochloride and 2-naphthol, while both equations
cannot fit the kinetic data for the adsorption of Congo red very
well. In addition, the initial adsorption rate z, where vy = k,q?2 cal-
culated in Table 5, indicates that these three adsorbates have an

The fitted results for the sited adsorption of berberine hydrochloride or Congo red on TEPA after adsorbing 2-naphthol according to Langmuir and Freundlich isotherm models.

Langmuir isotherm model

Freundlich isotherm model

qm (mg/g) Ki (L/mg) R K [(mg/g)(L/mg)"/"] n R
Berberine hydrochloride
Single adsorbate solution 1316 1.367 x 1074 0.05984 0.1780 1.003 0.9917
After adsorbing 2-naphthol 45.81 9.595 x 103 0.9902 3.561 2.527 0.9969
Congo red
Single adsorbate solution 2326 3.896 x 107° 0.02492 9.119 x 1072 1.003 0.9982
/ / 0.5140 5.350 x 1072 0.9074 0.9964

After adsorbing 2-naphthol
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Table 5
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The fitted results for the kinetic data of 2-naphthol, berberine hydrochloride, and Congo red on TEPA according to the pseudo-first-order and pseudo-second-order rate equations.

Pseudo-first-order

Pseudo-second-order

ky (1/min) R qe (mg/g) ka v (mg/(g min)) R?
2-Naphthol 3.171 x 1072 0.9319 108.9 8.499 x 1074 10.09 0.9998
Berberine hydrochloride 8.990 x 1073 0.9564 68.35 1.384 x 10°* 0.6465 0.9943
Congo red 2.150 x 1073 0.9770 7435 5.037 x 1073 0.2784 0.9633
4. Conclusions
1.0 / A hypercrosslinked PS resin TEPA was successfully synthesized
o from a chloromethylated PS by using the Friedel-Crafts and amina-
08d o tion reactions. The TEPA adsorbent is characterized with different
/.’ a analytical techniques for its physical and chemical properties. It
o ..f was observed that the pore structure the TEPA adsorbent consists
e 0.6 1 ° - of microporous and mesoporous structure in addition to a small
o /0 g portion of macropores. The TEPA adsorbent adsorbs 2-naphthol
04 4 /o Fy from aqueous solutions very efficiently due to the micropore filling
° & mechanism. With the increase in the molecular size of the adsor-
/ £ bate, the adsorption on TEPA was much weakened; only about
0.2 .|I". —®— 2-Naphthol 15% of berberine hydrochloride and 13% of Congo red are adsorbed
/ __'.f'." @ Berberine hydrochloride on the TEPA adsorbent from aqueous solutions, exhibiting a strong
0.0 b , . . . . . molecular sieving effect of the TEPA adsorbent. The adsorption ki-
0 5 10 15 20 25 30 netic data indicate that the adsorption of 2-naphthol on the TEPA
Time /(h) adsorbent is fast, adsorption of berberine hydrochloride is much
slower, and that of Congo red is the slowest. The separation capa-

Fig. 7. Adsorption breakthrough curves of berberine hydrochloride and 2-naphthol
from a TEPA column using a mixture solution.

order of Yo (2-naphthol) > U (berberine hydrochloride) > U (Congo red)» which
agrees with the time required for reaching the adsorption

equilibrium.

3.5. Dynamic separation of berberine hydrochloride from the mixture
solution

Both adsorption equilibrium and kinetics results for these three
adsorbates discussed above imply the possibility of removing 2-
naphthol from berberine hydrochloride or 2-naphthol from Congo
red using the TEPA adsorbent. In order to demonstrate the separa-
tion capability of TEPA as a specific polymeric adsorbent for
removing small organic molecules from a mixture solution con-
taining berberine hydrochloride and other smaller organic mole-
cules, an adsorption column breakthrough experiment for
dynamic adsorption and separation of 2-naphthol and berberine
hydrochloride from a mixture sample was performed. The adsorp-
tion breakthrough curve of both components is plotted in Fig. 7.

Fig. 7 indicates that berberine hydrochloride is leaked out di-

rectly after starting the dynamic separation experiment, while 2-
naphthol does not leak out until 6.4 h (at C/Co=0.05), and the
breakthrough point of 2-naphthol from the mixture solution is
measured to be 107 BV. So, it is clear that TEPA can separate 2-
naphthol and berberine hydrochloride as the effluent is in the
range of 0-107 BV, and the purity of berberine hydrochloride be-
fore the breakthrough point of 2-naphthol increases from 66.7%
(mass fraction, in the initial mixture sample) to 99.4% (in the efflu-
ent). Meanwhile, a desorption experiment demonstrates that a
mixture solution containing 50% of ethanol and 1% of NaOH aque-
ous solution can completely regenerate the TEPA resin, and nearly
100% regeneration efficiency can be achieved, implying that TEPA
could be an effective polymeric adsorbent for concentrating ber-
berine hydrochloride from aqueous solutions by removing smaller
organic molecules.

bility of the TEPA adsorbent for concentrating berberine hydro-
chloride was well demonstrated in an adsorption column
breakthrough experiment; the purity of berberine hydrochloride
increases from 66.7% to 99.4%. The TEPA adsorbent synthesized
in this work is a very promising specific polymeric adsorbent for
concentrating and purifying berberine hydrochloride and other
similar alkaloids from the herbal plant extracts.
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