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Anovel photo-cross-linkable nanofiber basedonauracil-functionalized polymer, poly[1-(4-vinylbenzyl uracil)]

(PVBU), was prepared using the electrospinning technique. This PVBU nanofiber can be converted into a

covalent network nanofiber through exposure to UV light at a wavelength of 254 nm. This PVBU

nanofiber is able to distinguish and selectively remove mercury ions (Hg2+) from other metal ions in

aqueous solution. The maximum Hg2+ adsorption capacity of the PVBU nanofiber is 543.9 mg g�1, which is

significantly higher than that of cyclic imide derivatives. The improved adsorption of Hg2+ allows a

detection limit of less than 1 ppm, which has rarely been achieved for Hg2+ sensing. Furthermore, the PVBU

fiber can be reused for 10 consecutive cycles using 1.0 M HCl treatment. This new material has significant

potential for the simultaneous detection and separation of Hg2+ in environmental and industrial fields.
Introduction

Heavy metal ion pollution is an issue of critical importance in
the world due to its toxic effects on human health and the
environment.1 These heavy metals come from various industrial
sources and pose serious hazards to the environment. Mercury
is one of themost toxic heavymetals that can damage the central
nervous system. Moreover, mercury can cause human disease
due to its bioaccumulative property; long-term exposure to even
minute amounts of this metal can result in severe neurological
disorders and many other diseases such as kidney toxicity and
chromosome breakage.2–5 In the past few years, many sorbents
have been developed for removing mercury ions (Hg2+) from
aqueous media, such as active carbon,6 ion-exchange resins,7

mesoporous silica,8,9 chitosan,10 functionalized polymer
membranes.11,12 However, most of these approaches are either
expensive, have low removal efficiency or lack selectivity for
Hg2+. Hence, there is a strong incentive to develop novel
sorbents with high efficiency, selectivity and excellent regener-
ation capacity for Hg2+ removal from aqueous media.
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In order to increase the adsorption capacity of sorbent
materials for Hg2+, many researchers have focused on two
methods: (1) surface modication with functional groups and
(2) increasing the surface areas of sorbent materials.13–16

Recently, polymer nanobers modied by the functional groups
have attracted great attention. Polymer nanobers prepared
from the electrospinning process possess high specic surface
areas and high porosities. Several examples of Hg2+ removal
from aqueous solutions based on bers have been reported for
zonal thiol-functionalized silica nanobers,17 poly(methacrylic
acid) modied cellulose acetate bers,18 wool-graed-poly-
(cyano-acetic acid a-amino-acrylic-hydrazide) chelating bers,19

and 4-vinyl pyridine and 2-hydroxyethylmethacrylate graed
poly(ethylene terephthalate) bers.20 In general, these bers do
not meet the required affinity and selectivity for highly efficient
removal of Hg2+. Recently, Shangguan et al. reported that a
selective binding of N-unsubstituted cyclic imides with Hg2+ is
able to form imide–Hg–imide complexes through an imido
proton–metal exchange process.21 This discovery reveals the
specic interaction of Hg2+ with the nucleobase thymine and
uracil and opens a new application for sensing and removing
Hg2+ based on cyclic imides.22–26 Therefore, the ability to prepare
polymer nanobers for removing Hg2+ based on the specic
interaction is of critical importance.

Our previous studies reported that the uracil-functionalized
poly[1-(4-vinylbenzyl uracil)] (PVBU) nanobers can be trans-
formed into covalent network nanobers through exposure to
UV light at a wavelength of 254 nm, thereby providing an
alternative route to design new and stable uracil-nanobers
from PVBU polymers.27 This study has demonstrated that the
PVBU nanober can be used in Hg2+ removal. This is the rst
example of the supramolecular nanobers being converted into
J. Mater. Chem. A, 2013, 1, 7745–7750 | 7745
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Fig. 1 FE-SEM image of electrospun PVBU nanofibers.
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a network formed by the selective binding of Hg2+ with a pair of
uracil–uracil mismatch. This nanober exhibits signicantly
higher Hg2+ removal capacity (543.9 mg g�1) than those pre-
sented in previous reports.29–33 This PVBU nanober also
exhibits high Hg2+ removal efficiency (10 mg g�1) even in 1 ppm
solution. Thus, the concentrations of Hg2+ can be reduced to a
single digit ppm. More surprisingly, this PVBU nanober can be
further cross-linked into shape-persistent and free-standing
objects aer exposure to UV light, which not only increases the
dimensional stability, but also increases the reusability for
removal of Hg2+ from aqueous environments.

Experimental section
Materials

Mercury dichloride was purchased from Sigma-Aldrich. N,N-
dimethylacetamide (DMAc) was purchased from TEDIA and
distilled prior to use. Poly1-(4-vinylbenzyl uracil) (PVBU) (Mn >
250 550 g mol�1, PDI ¼ 2.66) was synthesized according to our
previously reported method.27

Preparation and photo-cross-linking of PVBU nanobers

PVBU nanobers were fabricated by the electrospinning tech-
nique. The electrospun solution with 20 wt% concentration of
PVBU in DMAc was pumped through a metal needle of 0.34 mm
inner diameter at a feed rate of 0.5 mL h�1 using a syringe pump
(KD Scientic model 100 series). A distance of 15 cm was
maintained between the tip of the syringe and the collector. The
high voltage of 30 kV was used to generate PVBU bers which
were collected on the surface of a grounded Al plate. The elec-
trospun bers of PVBU were irradiated with short-wave
(254 nm) using ultraviolet cross-linkers (UVP CL-1000).

Adsorption studies

Adsorption of Hg2+ from aqueous solutions on PVBU nanobers
was investigated in batch experiments. To study the effect of pH
value on the adsorption of Hg2+, PVBU nanobers (5 mg) were
equilibratedwith 10mgL�1 Hg2+ solution at pH values of 1.5, 3.0,
5.0, 7.0, 9.0 and 11.0 and the removal efficiency E (%) was
calculated according to eqn (1). The pH value of solutions was
adjusted with Na2HPO3/H3PO4. For the adsorption kinetic
studies, 0.05 g of PVBU nanobers was added to 200mL of 20mg
L�1 Hg2+ solution at pH 7.0 with contact time ranging from 1 to
300min. The effect of initial concentration of Hg2+ solutions was
investigated in batch experiments. Different initial concentra-
tions of Hg2+ aqueous solutions at pH 7.0 were equilibrated with
the PVBU pristine powder, bers and cross-linked bers (each
5 mg) respectively. The adsorption capacity Q (mg g�1) was
calculated according to eqn (2). Aer adsorption, the complex
bers were washed with deionized water and then dried in a
vacuum. The preparedberswere used for SEMandTEMstudies.

Eð%Þ ¼ ðC0 � CeÞ
C0

(1)

Q ¼ ðC0 � CeÞV
W

(2)
7746 | J. Mater. Chem. A, 2013, 1, 7745–7750
where C0 and Ce are the initial and equilibrium concentration
(mg L�1), V is the volume of the solution and W is the weight of
the sorbent.
Regeneration experiment

Cross-linked PVBU nanobers (40 mg) were used for adsorbing
with 40 mL of 5 mg L�1 Hg2+ solution (pH 7, buffer solution) at
room temperature. The equilibrium concentration was deter-
mined using an Inductive Coupled Plasma Mass Spectrometer
(ICP-MS) and the removal efficiency was calculated according to
eqn (1). Aer adsorption, the complex bers were regenerated
by using 20 mL of 1.0 M HCl solution and then washed with
deionized water. The regenerated bers were subjected to the
above steps for the next cycle.
Characterizations

The morphologies of electrospun bers were characterized
using a Field-Emission Scanning Electron Microscope (Hitachi
S-4700), and the samples were sputtered with Pt before imaging.
The images were taken using a microscope operating at an
accelerating voltage of 15 kV. Transmission electronmicroscopy
(TEM) images were taken using a Hitachi H-7100 electron
microscope. The concentrations of Hg2+ and other ions in a
mixed solution were measured using an ICP-MS (PE-SCIEX
ELAN 6100 DRC). High-Resolution X-ray photoelectron spec-
troscopy data were obtained with a PHI Quantera SXM electron
spectrometer from ULVAC-PHI using Al radiation. The base
pressure was about 5 � 10�10 torr. Infrared spectra for complex
bers were measured on an attenuated reectance Fourier
transform (Nicolet 380) spectrometer.
Results and discussion

Photo-cross-linkable PVBU uracil-functional nanobers were
prepared according to our previous study.27 Fig. 1 shows the low
and high magnication FE-SEM images of electrospun nano-
bers from a 20 wt% concentration of PVBU/DMAc solution
with an average diameter of ca. 250 nm. Surface area, ion-
exchange and adsorption capacities are signicantly increased
with the decrease in the ber diameter. Therefore, the rate of
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Atom ratio of the complex PVBU/Hg2+
fiber

Peak (eV) Area (CPS*eV) Corrected RSF Atomic (%)

Hg4f 101.3 18 069 461.6 2.5
N1s 399.8 4280 26.8 10.3
O1s 531.3 8863 39.5 14.5
C1s 284.1 18 877 16.8 72.7

Fig. 3 FT-IR spectra of PVBU fibers and PVBU/Hg2+
fibers.
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Hg2+ removal is increased with the decrease of the ber diam-
eter. X-ray photoelectron spectrometry (XPS) and Fourier
transform infrared (FT-IR) spectroscopy measurements were
used to investigate the adsorption ability of Hg2+ and conrm
the binding between uracil and Hg2+.

The XPS spectra of PVBU bers before and aer Hg2+

adsorption are shown in Fig. 2. The survey scan of PVBU/Hg2+

bers exhibits two distinguishing oxidized Hg4f7/2 and Hg4f5/2
peaks at 101.3 and 105.4 eV (Fig. 2 inset), respectively. This
result indicates that mercury exists in a divalent state and
subsequently binds to uracil groups as illustrated in Scheme 1.
In addition, the measured atom ratios for the complexes are
calculated and listed in Table 1. The atomic weight ratio of
mercury and nitrogen is approximately 1 : 4, which is in good
agreement with the expected theoretical ratio of the imide–Hg–
imide complex.21

Fig. 3 illustrates the FT-IR spectra of PVBU and PVBU/Hg2+

bers. The intensities of the N–H stretching vibrations at 2972–
3300 cm�1 are decreased upon the association of Hg2+, indi-
cating that the imido protons of PVBU are displaced by Hg2+. In
addition, the strong absorption band of vC]O (imide I, 1674
cm�1) shis to a lower wavenumber of 1633 cm�1 by ca. 40 cm�1

which is consistent with that previously reported for platinum–

imide complexes.28 FT-IR spectra further reveal that the
formation of the imide–Hg–imide complex results in a C]O
stretching vibration shi to lower wavenumbers and the N–H
stretching vibration decreases immediately.

The selectivity of PVBU bers toward Hg2+ was investigated
by comparing with Co2+, Zn2+, Cu2+, Cd2+, Ca2+, Mg2+ and Pb2+

respectively. As shown in Fig. 4, only Hg2+ shows a signicant
decrease in the concentration of the ICP-MS units, which is
about 88% lower than its original state. This result clearly
Fig. 2 XPS spectra of PVBU fibers and PVBU/Hg2+
fibers.

Scheme 1 Schematic representation of U–Hg–U.

This journal is ª The Royal Society of Chemistry 2013
indicates that the PVBU ber is able to form the specic inter-
action between uracil and Hg2+ with remarkable selectivity for
Hg2+ over a wide variety of metal ions.34,35

The effect of pH on the adsorption of Hg2+ on PVBU/Hg2+

bers was investigated at different pH values from 1.0 to 11.0.
As shown in Fig. 5, the adsorption efficiency is extremely high at
nearly 100% from pH 5.0 to 11.0, but decreases signicantly as
the pH is below 5.0. Shangguan et al. reported that a low pH
value is unfavorable for dissociation of the imino protons,
which reduce the coordination ability of uracil towards Hg2+ in
aqueous solution.29

In order to understand the effect of initial concentration of
the solution on the adsorption capacity of PVBU, different
Fig. 4 Selectivity of PVBU fibers from different metal ions. Mixture solution
volume: 50 mL (in pH 7.0 buffer); PVBU fibers: 10 mg.

J. Mater. Chem. A, 2013, 1, 7745–7750 | 7747
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Fig. 5 Effect of pH on the adsorption of Hg2+ on PVBU fibers. Hg2+ concentra-
tion: 10 mg L�1; solution volume: 15 mL; PVBU fiber: 5 mg.

Fig. 6 The adsorption curves of Hg2+ on the PVBU pristine powder, electrospun
fibers and cross-linked fibers. C0 denotes the initial concentration of Hg2+ ppm.
Solution volume: 50 mL (in pH 7.0 buffer); each sample: 5 mg.

Fig. 7 Adsorption curve of PVBU fibers at a low concentration of Hg2+. Solution
volume: 80 mL (in pH 7.0 buffer); PVBU fibers: 5 mg.

Fig. 8 TEM images of (a) a PVBU fiber and (b) a PVBU/Hg2+
fiber.
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initial concentrations of Hg2+ aqueous solutions were equili-
brated with the PVBU pristine powder, electrospun bers and
cross-linked bers respectively. As shown in Fig. 6, the
adsorption curves of Hg2+ adsorbed at different initial concen-
trations of Hg2+ in aqueous solution. For PVBU bers before and
aer cross-linking, the Hg2+ adsorption began to increase
gradually with increasing Hg2+ concentrations. Finally the
curves reached a plateau at a high concentration, which repre-
sents saturation of the active binding sites. In contrast, Hg2+

was less adsorbed on the PVBU pristine powder, due to the non-
homogeneous morphology of the powder affecting the adsorp-
tion area. The maximum adsorption capacity of the PVBU
powder, bers and cross-linked bers for Hg2+ is approximately
222.5, 543.9 and 468.1 mg g�1 respectively. The adsorption
capacities of cross-linked bers are lower than non-cross-linked
bers, which can be attributed to the increased steric hindrance
in the cross-linked bers. However, we also found that PVBU
bers exhibited unprecedentedly higher Hg2+ removal capacity
(543.9 mg g�1) than the reported chitosan-coated cotton bers
(94.3 mg g�1),30 bayberry tannin-immobilized collagen bers
7748 | J. Mater. Chem. A, 2013, 1, 7745–7750
(198.49 mg g�1),31 thymine modied polymer sorbents (200 mg
g�1),29 amine based copolymer sorbents (497.7 mg g�1)32 and
mercapto modied sorbents (522.9 mg g�1).33 This result is
largely due to its high aspect ratio for an excellent adsorption
level with high Hg2+ concentration, which shows that the
surface density of uracil on the ber sorbent can further
increase the adsorption capacity for Hg2+.

Furthermore, an excellent sorbent should display a very low
detection limit and retain its selectivity for Hg2+. We performed
this study for low concentrations of Hg2+ from 0 to 7 ppm.
Under this condition, high initial concentrations lead to an
increase in the affinity of Hg2+ toward the active sites (Fig. 7).
However, in the presence of Hg2+ concentrations even less than
1 ppm, the PVBU ber still exhibits a high adsorption capacity
of 10 mg g�1 for Hg2+. The results showed that the PVBU ber is
able to remove most of the Hg2+ from water even when the
concentration is down to a single digit ppm. It can be concluded
that higher removal at low concentration is important in terms
of likely industrial applications.

Microstructures of PVBU bers before and aer adsorption
of Hg2+ by using the TEM images were studied (Fig. 8). We noted
that, in the presence of the adsorbed Hg2+, the bright white
spots correspond to Hg2+ on the surface of PVBU/Hg2+ bers
(Fig. 8b). This result strongly suggests that Hg2+ is adsorbed
onto the same active sites of the uracil group and dispersed on
This journal is ª The Royal Society of Chemistry 2013
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Fig. 9 Removal efficiency of Hg2+ at different regeneration cycles. Hg2+

concentration 5 mg L�1; solution volume: 40 mL (in pH 7.0 buffer); cross-linked
PVBU fiber: 40 mg.
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the surface of PVBU bers, which also conrmed that activated
PVBU bers have superior adsorption capacity for Hg2+.

To ensure sustainability and economic feasibility, these
cross-linked PVBU/Hg2+ bers can be regenerated by 1.0 M HCl
treatment without altering the adsorbent properties (Scheme 1).
To test the reusability of regenerated bers, adsorption/
desorption cycles were repeated ten times with the same ber
pieces. As shown in Fig. 9, the recovery of Hg2+ adsorption
decreased from 94.7% in the rst cycle to 92.4% in the tenth
cycle. In other words, it did not decay signicantly during the
repeated adsorption–desorption operations, suggesting that the
regenerating potency was quite effective.
Conclusions

In summary, a novel photo-cross-linkable nanober for Hg2+

with high adsorption, good selectivity and excellent regenera-
tion capacities was developed by electrospinning the PVBU
polymer, even though the adsorption capacity is slightly lower
than non-cross-linked bers. Improved adsorption of Hg2+

allows a detection limit of less than 1 ppm to be achieved, which
has rarely been achieved for Hg2+ sensing elsewhere. In addi-
tion, the PVBU/Hg2+ bers can be reused for ten consecutive
cycles by 1.0 M HCl treatment. We anticipate that this new
material will open up substantial prospects for the selective
removal of Hg2+ from aqueous environments.
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