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capture from water using
a charged porous organic polymer†
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Fu-Xian Wan,d Bien Tanb and Chun Zhang *ac

Berberine hydrochloride (BH), an important alkaloid, can be captured from water and released in organic

solution circularly by a charged porous polymer (TPB–HCP), which is hypercross-linked using the cost-

effective Friedel–Crafts reaction using sodium tetraphenylborate as the monomer. With high BET surface

area, hierarchical porous structure and charged characteristics, TPB–HCP displays excellent adsorption

capacity for BH owing to the synergistic effects of size matching and electrostatic interaction.
Introduction

Alkaloids, a class of naturally occurring nitrogen-containing
compounds, display a wide range of pharmacological activi-
ties against many diseases including cancer,1 gastroenteritis,2

obesity3 and so on. Generally, the alkaloids' purication from
crude extracts or recycling from waste water is carried out by
acid–base extraction.4 However, the extensive use of inorganic
acids and bases will undoubtedly increase the risk of environ-
mental pollution and increase their cost of production. Using
porous materials as adsorbents to enrich or recycle alkaloids
from crude extracts or waste water might be a cost-effective
means to avoid the use of acid and base.

Compared with the traditional inorganic porous materials
(active carbon,5 zeolites6 andmolecular sieves7) with shortcoming
of instability, low surface area and low adsorption capacity,
porous organic polymers (POPs)8 exhibit many advantages
including high surface area, easy functionality and ne stability.
Among different POPs, hyper cross-linked polymers (HCPs) 9–11

attracted great attentions because of their characteristics of low-
cost and easy synthesis. Especially, Tan and co-operators recently
developed a cost-effective knitting strategy by Friedel–Cras
reaction to prepare HCPs.12 Recently, three-dimensional rigid
building blocks had been used to construct HCPs successfully for
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enhancing their porous properties.13–15 Although HCPs based
three-dimensional rigid monomers could enhance the interac-
tion with guests, these HCPs frameworks mainly relied on
neutral monomers.16 Then integration of charged blocks into the
networks makes that HCPs apply in more areas probably.17 On
the one hand, charged HCPs as adsorbents might be feasible to
strengthen adsorption capacity owing to electrostatic interaction.

Tetraphenylborate sodium, is an interesting ionic salt with
three-dimensional rigid structure. Some charged POPs based
tetraphenylborate ions were developed successfully and
applied in elds of catalysts, adsorptions, and energy storage
and conversions.18,19 For examples, Long and coworkers
developed tetraarylborate polymer networks for solid electro-
lytes.20 Zhu's groups reported several charged porous aromatic
frameworks for iodine adsorption.21 As early as 1968, Ebel
found that tetraphenylborate sodium could be used to titrate
alkaloids in water solution by precipitation method.22 Inspired
by these interesting results, we speculated that cross-linking
tetraphenylborate sodium into porous networks might
provide new opportunities in the eld of alkaloids adsorption
because of their charged networks and the 3D rigid structure.

Herein, we cross-linked tetraphenylborate sodium using
formaldehyde dimethyl acetal (FDA) as cross-linker and
prepared a tetraphenylborate sodium-based HCPs (TPB–HCP).
The charged TPB–HCP not only displayed high surface area
and good stability, but also had excellent adsorption ability for
berberine hydrochloride, a class of important alkaloid, from
aqueous solution.
Results and discussion

The synthesis of TPB–HCP was described in Scheme 1. Typi-
cally, tetraphenylboron sodium was polymerized with FDA in
1,2-dichloroethane, promoting by anhydrous FeCl3. The resul-
ted brown power (TPB–HCP) with yield of 75% was found to be
insoluble in any common organic solvents.
This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Synthesis of TPB–HCP. Reagents and conditions: FDA,
FeCl3, 1,2-dichloroethane, 80 �C, 72 h.

Fig. 1 (a) Cross-polarization (CP) 13C MAS NMR spectrum of TPB–
HCP. (b) SEM and (c) TEM of TPB–HCP. Scale bar: 1 mm (a) and 200 nm
(b).

Fig. 2 (a) Nitrogen sorption isotherm at 77 K, black symbols denote
gas adsorption, and red symbols denote gas desorption. (b) Pore size
distribution calculated using NLDFT method of TPB–HCP. (c) Simu-
lated TPB–HCP dimension of simulation box (the “amorphous cell”) ¼
3.292 nm. Carbon atom was grey and hydrogen atom was white. (d)
Three-dimensional array of eight (2 � 2 � 2) amorphous cells with
periodic boundary conditions, A Connolly surface was shown in blue/
grey. Connolly surface area ¼ 964 m2 g�1, simulated micropore
volume ¼ 0.12 cm3 g�1. (e) Two-dimensional “slice” through the
simulated pore structure. The occupied and unoccupied volume is
shown in red and blue, respectively.
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The structure of TPB–HCP was conrmed by FT-IR and cross-
polarization (CP) 13C MAS NMR experiment. The bands at 2853
and 2900 cm�1 were observed in FT-IR spectrum, which was
corresponded to the vibrations of methylene bands (ESI,
Fig. S1†). For cross-polarization (CP) 13C MAS NMR experiment,
three different resonance peaks near 35, 124 and 136 ppm was
consistent of the methylene carbon (a), the aromatic carbons (b
and c) and the aromatic carbons (d and e), respectively (Fig. 1a).
Hence, the successful formation of TPB–HCP was demonstrated
by FT-IR and 13C MAS NMR. The morphology of TPB–HCP was
investigated by FE-SEM (Fig. 1b) and TEM (Fig. 1c), it was
showed that TPB–HCP adopted an irregular sphere structure.
Powder X-ray diffraction (XRD) spectrum displayed broad peaks
and also illustrated TPB–HCP's uniform characteristic, as
shown in Fig. S2 (ESI†). The result of thermogravimetric anal-
ysis (TGA) showed that TPB–HCP had high thermal stability, the
material could be stable up to near 400 �C under N2 atmosphere
(ESI, Fig. S3†). Besides, TPB–HCP displayed a distinct negative
zeta potential (�18 mV).

Porous characteristics of TPB–HCP were measured by N2

adsorption–desorption isotherm at 77 K (Fig. 2a). The BET
This journal is © The Royal Society of Chemistry 2018
surface area of TPB–HCP was calculated to be 717 m2 g�1

(Langmuir surface area was 984 m2 g�1). For N2 sorption
isotherms of TPB–HCP, a type I adsorption curve was observed,
a steep gas uptake at low relative pressure (P/P0 < 0.001) re-
ected the existence of abundant micropores. A rise at the
medium- and high-pressure region (P/P0 ¼ 0.8–1.0) indicated
the presence of macropores in the TPB–HCP networks. The
hysteresis hoop was measured in the isotherm curves, and this
phenomenon was related to irreversible uptake of gas mole-
cules in the pores, which was probably due to network swelling.
By using Non-Local Density Functional Theory (NLDFT)
method, the pore size distribution of TPB–HCP also conrmed
the presence of primary micropore and a spot of meso- and
macropore (Fig. 2b). Atomistic simulation11 results of TPB–HCP
were shown (Fig. 2c–e). The Connolly surface area of TPB–HCP
was 964 m2 g�1, and higher than experimental BET surface
value (717 m2 g�1), which was assigned to no permanent
interconnected pore structure for TPB–HCP.23 Moreover, a two-
dimensional “slice” through the simulated pore structure was
showed, the model simulated the pore micropore dimensions
of TPB–HCP quite well (Fig. 2e).

Given the hierarchical porous and charged structure of TPB–
HCP, we attempted to use TPB–HCP as adsorbents to capture
some important bioactive substances like alkaloids. Berberine,
a kind of important alkaloids, have prominent pharmacological
activities on gastrointestinal remedy.24 To evaluate the adsorp-
tion capability of TPB–HCP, UV-visible (UV-vis) spectra experi-
ments of berberine hydrochloride (BH) (Fig. 3a) were
conducted. More than 99% of BH was removed at room
temperature within 5 minutes (Fig. 3b and c). To further
RSC Adv., 2018, 8, 33398–33402 | 33399
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Fig. 3 (a) The structure of berberine hydrochloride. (b) UV-vis adsorption spectra of the aqueous solutions of berberine hydrochloride in the
presence of TPB–HCP at different intervals. (c) Adsorption rates of berberine hydrochloride, the initial concentration of berberine hydrochloride
solution is 10 mg L�1. (d) The Langmuir isotherm model for berberine hydrochloride on TPB–HCP. (e) Photographs showing the color changes
about berberine hydrochloride released experiment. (f) The cycle experiment of TPB–HCP.
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investigate the adsorption behaviour of TPB–HCP, the Lang-
muir isotherm model was used to t the equilibrium data of
adsorption (Fig. 3d). For BH, the correlation coefficient of
Langmuir isotherm model (RL

2) was 0.983 and suggested that
the adsorption process followed Langmuir isotherm model
(ESI, Table S1†). Fitted by this model, the maximum adsorption
capacities of TPB–HCP for BH was thus calculated as 185 mg
g�1. In comparison, the commercial activated carbon (granular
active charcoal) displayed 180 mg g�1 BH uptake capability
under the same conditions as almost same as that of TPB–HCP
(ESI, Fig. S7†). Although TPB–HCP is no superior to activated
carbon for BH adsorption obviously, we think, it is meaningful
that alkaloids could be recycled in the adsorption and desorp-
tion process of charged porous organic polymers. Compared
with acid–base extractions, this adsorption method is more low-
cost and environmental friendly. This may provide new ideas
for solving other alkaloids or similar drugs problems by means
of chemical materials. To understand the adsorption process,
we estimated the diameter of BH molecule by MM2 and calcu-
lated the size of 15.0 Å (ESI, Fig. S4†). Considering abundant
micropores (#2 nm) in TPB–HCP scaffold and the electrostatic
interaction between TPB–HCP with BH, we speculated BH could
enter into networks of TPB–HCP, and the adsorption process
was homogeneous, which was consistent with the Langmuir
model. The high capacity with fast adsorption kinetics implies
that TPB–HCP is highly competitive as an effective adsorbent
for the capture of BH from water. In brief, TPB–HCP shows good
uptake of alkaloids like BH, because of its higher surface area,
hierarchical porosity and electrostatic interactions, which
33400 | RSC Adv., 2018, 8, 33398–33402
ensures high uptake of alkaloids by adsorption and hierarchical
pore lling.

Moreover, the BH adsorption of TPB–HCP is reversible. The
captured BH can be released from charged polymer networks by
immersing the BH-loaded TPB–HCP in ethanol at room
temperature. With prolonged release time, the color of the
solution changed from colorless to dark yellow, which indicated
that TPB–HCP could be regenerated easily in the process of
delivering alkaloids (Fig. 3e). So, to prove this, we researched
the cycling performance of TPB–HCP for BH sorption. In that
case, BH-loaded TPB–HCP was washed until the ltrate was
colorless and subsequent TPB–HCP was dried in vacuum for the
next BH adsorption cycle. TPB–HCP displayed almost the same
property aer ve cycles, which conrmed TPB–HCP was stable
in the process of adsorbing BH circularly (Fig. 3f).

We had also investigated the adsorption capacities of TPB–
HCP for BH under different pH conditions. Compared to other
pH conditions, the adsorption capacity of TPB–HCP for BH was
increased at pH value of 13 (ESI, Fig. S8†), this phenomenon
may be due to the free base formation of BH under strong
alkaline conditions, which made that TPB–HCP was easier to
combine with BH to increase adsorption capacity. On the other
hand, in order to investigate the effect of salt on the adsorption
of BH by TPB–HCP, different concentrations of NaCl was chosen
to adjust ionic strength. It's can be seen that the adsorption
capacities of BH on TPB–HCP were decreased as the concen-
trations of NaCl increased (ESI, Fig. S9†). This indicated that the
adsorption of BH on TPB–HCP was affected by ionic strength.
These results reveal that electrostatic interaction is one of
This journal is © The Royal Society of Chemistry 2018
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possible mechanisms in the adsorption process of BH on TPB–
HCP.

In addition to BH, we evaluated the ability of TPB–HCP to
remove organic dyes including Crystal Violet (CV), Congo Red
(CR), and Methyl Blue (MB) with different size and charge
performance. UV-vis spectra experiments displayed that all
three kinds of dyes could be removed from water within 5 min
by TPB–HCP (ESI, Fig. S5†). Fitting by Langmuir isotherm
model (ESI, Fig. S6†), the maximum adsorption values of CV,
CR, and MB were calculated as 274, 243 and 146 mg g�1,
respectively (ESI, Table S1†). For CV, the kind of cationic dyes
could be combined with anionic materials by electrostatic
interaction and increased adsorption value, which might be the
reason that its adsorption value was higher than that of other
anionic dyes (CR and MB).
Conclusions

In summary, a tetraphenylborate sodium-based charged hyper
cross-linked polymer (TPB–HCP) was successfully synthesized
by low-cost Friedel–Cras alkylation reaction. With high BET
surface area, hierarchical porous structure and charged char-
acter, TPB–HCP displayed excellent reversible adsorption for
berberine hydrochloride and other cation organic dyes from
water, in which synergistic effects of simple physical adsorption
and electrostatic interaction might play a very important role.
These results demonstrate that TPB–HCP might be an ideal
adsorbent for a wide range of large-scale applications in alka-
loids extraction or recovery.
Experimental section
Synthesis of TPB–HCP

Tetraphenylboron sodium (1.71 g, 5 mmol) and 4.0 equiv. of
FDA (1.52 g, 20 mmol) and 4.0 equiv. of FeCl3 (3.24 g, 20 mmol)
were dissolved in 20 mL DCE in the 100 mL round-bottom ask,
then heated to 80 �C for 72 h. Aer reaction, the mixture was
ltrated several times with methanol, then puried by Soxhlet
extraction with methanol for 48 h, dried in the vacuum for 24 h
at 60 �C, nally brown powder was obtained, the yield of which
is about 75%.
Atomistic simulation

The model of TPB–HCP was constructed using Material Studio
4.3 to describe the structure of TPB–HCP network. The model
was constructed from a combination clusters containing 174
carbon atoms. First, each cluster was fully relaxed using the
Discover module and the COMPASS force eld, to ensure the
cell parameters and hence the density remained constant, the
models were again fully relaxed the Discover module and the
COMPASS force eld. A Connolly surface was created for model
using atom, volumes and surface tool in Materials Studio using
a ne grid resolution (0.4 Å) and a Connolly radius set to 1.82 Å
(the kinetic radius of N2). The models simulated the pore
dimensions of TPB–HCP; the majority of the pore channels in
width were 3–20 Å for TPB–HCP.
This journal is © The Royal Society of Chemistry 2018
Berberine hydrochloride and dye adsorption tests

BH, CV, CR and MB were used in this study. In a typical
adsorption kinetics of BH experiment, 10 mg TPB–HCP was
added to 4 mL of BH aqueous solution (10 mg L�1), then stirred
magnetically. The mixture was separated by centrifugation at
different time points, 10 000 rpm, ten minutes, two times; then
UV-vis spectra were measured. For adsorption capacity experi-
ment, the initial berberine hydrochloride concentration was
varied from 50 to 1000 mg L�1, and the mixture was stirred
overnight to obtain the adsorption isotherm. The adsorption
study of CV, CR and MB was similar to that of BH except the
different concentration of aqueous solution used (CV, CR, MB:
10 mg L�1, 50 mg L�1,10 mg L�1) for the adsorption experiment
and from 50 to 1600 mg L�1 for the adsorption isotherm
experiment. The adsorption isotherms were tted by using the
Langmuir model. The linear formula of Langmuir isotherm
model could be expressed as follows:

Ce/Qe ¼ 1/(KLQm) + Ce/Qm

in which Ce (mg L�1) denotes the equilibrium concentration, Qe

(mg g�1) denotes the equilibrium adsorption capacity, Qm (mg
g�1) denotes maximum adsorption capacity, KL denotes the
Langmuir constant.
Berberine hydrochloride adsorption tests under different PH
and NaCl solutions

10 mg TPB–HCP was added to 25 mL of BH aqueous solution
(100 mg L�1) at PH values of 2 to 13, the mixture was stirred
magnetically overnight. Then the mixture was separated by
centrifugation of 10 000 rpm, ten minutes, two times; UV-vis
spectra were measured. For NaCl, the study was similar to
that of PH except the concentration from 0.02 to 0.08 mol L�1.
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