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tion and characterization of
a poly(vinyl alcohol)/silver hybrid nanofiber mat by
electrospinning for multifunctional applications†

Chun-Gang Yuan,* Shiwei Guo, Jian Song, Can Huo, Yukai Li, Bing Gui
and Xianmei Zhang

A poly(vinyl alcohol)/silver (Ag–PVA) nanofiber mat was synthesized by electrospinning. The fabricated

composite was characterized by scanning electron microscopy (SEM), powder X-ray diffraction (XRD), FT-

IR spectroscopy, and energy dispersive spectroscopy (EDS). The obtained mat showed good capacity for

the removal of mercury ions from water and antibacterial activity. The possible interaction mechanisms

between PVA, silver nanoparticles and mercury were investigated by X-ray photoelectron spectroscopy

(XPS). The batch adsorption experiment showed that the composite had good performance for removing

mercury ions with good stability to pH and temperature. The adsorption capacity of the composite could

be easily regenerated via thermal treatment. The influences of parameters including coexisting ions and the

initial concentration of mercury were investigated. The adsorption process followed pseudo-second-order

kinetics and the Langmuir isotherm model. The thermodynamic parameters (enthalpy (DH), entropy (DS)

and free energy (DG)) of Hg2+ sorption were evaluated. The antibacterial tests revealed that the membrane

had excellent antibacterial properties. The composite mat has potential for both mercury pollution control

and antibacterial applications for water treatment.
1 Introduction

Long term exposure to mercury can lead to psychological
changes, spontaneous abortion and congenital malformation.1,2

During the biogeocycling process of mercury, inorganic mercury
can be transformed into methylated compounds and cause
serious damage to brain and central nervous systems.3–6 Trace
mercury in natural water can be elevated up to very high
concentrations in seafood along with aquatic food chains
through biomagnication and bioconcentration.7–10 Therefore, it
is very urgent and important to develop effective technologies to
remove trace or ultra trace mercury ions from water bodies.11,12

There has been much research in this eld and many tech-
nologies have been developed to remove mercury from
water.13–22 The techniques include adsorption, ion exchange,
chemical precipitation, membrane separation, ltration,
chemical oxidation or reduction. Among these techniques,
adsorption is regarded as the most promising method due to its
easy operation and high efficiency.13–17 In consequence, various
adsorbents have been investigated including active carbon
based materials, metal and metal oxides, natural minerals and
ineering, North China Electric Power
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tion (ESI) available. See DOI:
others.23–25 However, these granular or powdered adsorbents
have the drawbacks of difficulty for collection and separation
from bulk water, which makes the used adsorbents to readily
cause secondary pollution. The above problems can be solved by
application of membranes or mats instead of powder adsor-
bents. Recently, some membranes have been applied to remove
heavy metals from water.26–29 These studies demonstrate that
ber membranes or mats exhibit great advantages of easy
separation and collection aer use over powdered adsorbents.
Nanobers with highly porous property and large surface area
are regarded as a promising candidate adsorbent for aqueous
mercury elimination.

Electrospinning technology appeared as a promising
method to prepare nanobers and attracted great attentions
several years ago.30 Compared with the conventional technolo-
gies, electrospinning shows many advantages such as easy
operation, effectiveness and other excellent properties. Many
kinds of polymer composites were synthesized and applied in
various elds.31 Due to the characters of low diameter, high
surface area to volume ratio and porous structures, electro-
spinning membrane/mat can act as an effective adsorbent for
pollution control.

To modify the obtained membrane/mat with functional
groups or metal/metal oxide nanoparticles is a feasible route to
enhance its adsorption capacity and selectivity.32 Teng et al.33

prepared (PVP)/SiO2 composite nanober membranes func-
tionalized with thioether groups and used it for mercury
This journal is © The Royal Society of Chemistry 2017
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removal. Wang et al.26 synthesized uracil-functionalized poly-
mer based ber membrane which was able to distinguish and
selectively remove mercury ions (Hg2+) from other metal ions in
aqueous solution. Huang et al.34 developed thymine-graed
PVA–PEI nanobers for selective removal of mercury ions
(Hg2+) with high efficiency. On the other hand, previous studies
indicate that the elemental silver (Ag0), especially silver nano-
particles, show good amalgamation effect and high affinity to
mercury. These properties have been applied to the detection
mercury ions35,36 and the removal of elemental mercury.37 These
studies also inspired us to try a new application of silver
nanoparticles for the removal of mercury from water.38 More-
over, the antibiotic property of silver nanoparticles has also
been proved and widely applied.39 The disinfection property can
also solve the bio-fouling problems caused by biota when the
membrane or mat is used in water solution for a long time.40

Therefore, to decorate the nanobers with silver nanoparticles
can not only signicantly promote the mercury removal capa-
bility but also endow the composite with antibacterial proper-
ties. The hybrid electrospinning nanober mat of Ag–PVA can
potentially be used as a multifunctional adsorbent for water
treatment.

Some bers had been successfully synthesized and applied
in many areas including heavy metal pollution treatment.41,42

However, to the best of our knowledge, there is no research on
the application of Ag–PVA composite mat for aqueous mercury
removal. Furthermore, the conventional synthesis methods of
nanobers modied with AgNPs are relatively complicated in
most reports. The typical processes normally include individual
chemical and physical steps to reduce silver ions to elemental
form, which makes the process time and energy-consuming.43,44

It was also reported that some polymers, such as PVA and PVP,
were able to reduce silver ions into elemental silver directly
without any additional reagents.39,45 This feature of PVA makes
it possible to develop a novel, and environmental friendly
fabrication method in one step. It can be expected that the
polymers can be used as both precursor solvent of nanobers
and reductants for silver ions during modication process by
electrospinning.

The aims of this study are (1) to develop a handy, green and
rapid route to prepare Ag–PVA nanober composite using
electrospinning technology in one step and (2) to evaluate its
adsorption behaviors for mercury ions and antibacterial prop-
erties. Batch adsorption experiments were conducted to inves-
tigate the adsorption performance. The effects of experimental
parameters including solution pH value, temperature, co-
existing ions on the adsorption efficiency were investigated.
The dynamic and thermal mechanisms of the adsorption
process were studied and discussed as well. In addition, the
antibacterial property of the mat was also tested.

2 Experimental
2.1 Material

Poly(vinyl alcohol) (PVA, 1788) was provided by Shanghai Jin-
baidi company in China. Standard mercury solution (GSB-04-
1729-2004) was obtained from the Chinese Research Center
This journal is © The Royal Society of Chemistry 2017
for Analysis and Testing of Nonferrous Metals and Electronic
Materials. Silver nitrate (AgNO3, 99.8%) was obtained from
Tianjin Tiangan Chemical Company, China. All the other
regents including nitric acid (HNO3), hydrochloric acid (HCl)
and the metal salts used in this study were of analytical grade
and were purchased from commercial sources in China.

2.2 Synthesis of composite nanober mat using
electrospinning

A series of Ag modied PVA ber mats with different contents of
silver loaded were synthesized via electrospinning. The nano-
bers were crosslinked by heat treatment at 150 �C to make the
obtained composite insoluble in water.

The electrospun precursor solution was prepared by the
following process. Firstly, 10% (m/v) PVA solution was prepared
by dissolving 1.0 g PVA particles in 10 mL distilled water with
a vigorous agitation at 70 �C in a water bath for 2.0 hours to
obtain a homogeneous transparent solution. Secondly, an
appropriate amount of AgNO3 was added to 10% PVA solution
and magnetically agitated at room temperature for another 2.0
hours until AgNO3 was completely dissolved. The color of the
mixture gradually turned from transparent to grey brown. The
mat was then prepared with the obtained solution by an elec-
trospinning instrument (Beijing Yongkangleye Company, China).
The precursor solution for spinning was placed in an injector.
The electrospinning parameters including voltages, distance
between needle and collector, and ow rate were optimized and
set at 25 kV, 15 cm, and 0.008 mL min�1, respectively. The
electrospinning was performed in air at room temperature.

The as-prepared composite mat was treated in an oven with
temperature rising from room temperature to 150 �C and
maintained for 2.0 hours. The color of the membrane changed
to deep yellow. Aer cooling down to room temperature the
membrane was dissected into smaller pieces for use in the
following experiments.

2.3 Characterization

The morphology of the prepared composite ber mat was
characterized and the elemental components of the mat were
analyzed by EDS using a eld emission scanning electron
microscope (FE-SEM, Hitachi S4800) at an acceleration voltage
of 20 kV.

X-ray powder diffraction patterns (XRD) were recorded in
a 2q range of 25–80� on an equipment (Ultima IV) provided by
Rigaku Co. to measure the presence of silver nanoparticles.

FT-IR spectra of prepared mat before and aer thermal
treatment were recorded using a FT-IR spectrophotometer
(Avatar 370, Thermal Nicolet Co.) in the region of 4000–400
cm�1 for the identication of functional groups on the mat.

X-ray photoelectron spectroscopy (XPS) through the facility
of Escalab 250X (Thermal Scientic Co.) was utilized to explore
the existence state of the main elements in the composite.

2.4 Adsorption experiment

The adsorption performance of the as-prepared mat was
investigated by batch adsorption experiment. During the
RSC Adv., 2017, 7, 4830–4839 | 4831
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experiment, 40 mg of mat was added into 40 mL of Hg2+ solu-
tion. The solution was shaken on a thermostatic shaker at
designed temperature until the equilibrium reached. Hg2+

solution used for adsorption was prepared by diluting the
standard mercury solution (1000 mg mL�1) to 20 ng mL�1 with
deionized water. The ratio of membrane to mercury solution
was xed at 1 : 1000 (40 mg of membrane to 40 mL of solution).

The mercury concentration in the nal aqueous solution was
measured using a cold vapor atomic uorescence mercury
analyzer (QM 201, Suzhou Qing'an Company). The adsorption
amount of mercury ion was calculated by the eqn (1) and the
removal efficiency was calculated using the eqn (2).

q ¼ [V(C0 � Ct)]/m (1)

r ¼ [(C0 � Ct)/C0] � 100% (2)

q is the amount of mercury adsorbed at equilibrium (mg g�1),
C0 is the initial concentration of mercury ion in solution (mg
L�1), Ct is the concentration of metals in solution at equilibrium
(mg L�1), m is the mass of adsorbent used (g), and V is the
volume of solution (L).
2.5 Antibacterial test

The antibacterial test was carried out using the zone inhibition
test against Escherichia coli and Staphylococcus aureus. All the
bacterial suspensions were prepared by growing a single colony
overnight at 37 �C in a nutrient broth and the agar plates were
freshly prepared before the antibacterial tests. Pure PVA mat
(negative control) and PVA mat modied with 10%, 20%, and
40% silver content (labeled according to the mass ratio of
AgNO3 to the membrane) were used and cut into circular shape
with 10 mm diameters. During the experiment, the circular
membranes were directly placed on the inoculated agar plates
and the gentamicin was also used for the positive control. Then
the samples and inoculated agar plates were incubated at 37 �C
for 24 h. Aer the cultivation the inhibition zone area was
measured to evaluate the antibacterial ability.
2.6 Determination of silver

2.6.1 Quantication of the silver contents in the mats. The
modied PVA ber mats with different contents of silver were
digested by a microwave-assisted digestion system (CEM Mars
5, Xpress, Matthews, NC). Briey, 4 mL of the concentrated
HNO3 and 1 mL of the concentrated H2O2 were added into
a microwave digestion tube with 10 mg of the obtained mat.
Then the mixture was digested at 120 �C (800 W) for 10 min,
followed by 180 �C (1600 W) for 30 min. Aer digestion, the
samples were diluted andmeasured by ICP-MS (Agilent 7500ce).

2.6.2 Silver leaching and mass loss measurements. 40 mg
of mats with different loaded amounts of Ag were added into 40
mL of deionized water, and incubated at 30 �C using a thermo-
static bath. Then 1 mL of water was taken at the specic inter-
vals, and then digested with 3 mL of concentrated HNO3

(Merck, Darmstadt/Germany). The samples were diluted with
4832 | RSC Adv., 2017, 7, 4830–4839
deionized water and the concentration of silver was determined
by ICP-MS.

The used mat was heated at 110 �C for 3 h and the mass was
measured by a analytical balance. The mass loss was calculated
by comparing the mass before and aer use.

3 Results and discussion
3.1 Characterization

The photo images of the prepared mats were shown in Fig. S1
(ESI†). It can be clearly seen that the color of the pristine mat
(image a) turned into dark yellow from ivory color aer thermal
treatment (image b), which indicated that the further formation
of silver nanoparticles during the thermal process.

The micro morphology and structure of the prepared mats
were characterized by scanning electron microscope (SEM) and
shown in Fig. 1. The as-prepared mat was crossed web with the
diameters of separate poly bers in the range of 200–500 nm
(449 nm in average) (Fig. 1a). The bers kept good morphology
of round bers aer being cross linked by thermal treatment.
Silver nanoparticles were dispersed on the surface of bers
(Fig. 1b). The structure of mat (shape and diameter) was little
changed aer utilization for mercury removal in solution as
shown in Fig. 1c.

To further identify the elemental composition of the whole
ber mat and the microspheres on the ber, EDS was carried
out at different regions of the bers. The EDS spectra and the
element composition were shown in Fig. S2 and Table S1,†
respectively. It can be observed that both the large region
(Fig. S2a,† marked with green line) and the microsphere
(Fig. S2b,† marked with red mark) are composed of the same
elements (C, O, and Ag) with similar contents.

To conrm the presence of silver nanoparticles, XRD was
employed and the patterns were depicted in Fig. 2. The
diffraction peak at (2q) 37.8�, 43.96�, 64.34�, and 77.48� corre-
sponds to the plane (111), (200), (220) and (311) of the face
center cube structure of silver, respectively. The weak peaks
indicate the crystallization is not perfect. However, the result
can also condently prove the presence of silver nanoparticles.
The result is consistent with that from EDS analysis.

In order to determine the changes of the function groups on
the composite before and aer heat treatment, the FT-IR was
performed and the spectra were shown in Fig. S3.† Several peaks
were found at 3344 (3306) cm�1, 2915 cm�1, 1715 cm�1, 1373
cm�1, and 1244 cm�1 in both the treated and the untreated
mats. The strong peaks at 3344 (3306) cm�1 and 1715 cm�1 can
be assigned to O–H. The peak at 2915 cm�1 is contributed by C–
H. The peaks at 1373 cm�1 and 1244 cm�1 can be ascribed to
C–H and C–O, respectively. The peaks are the characteristic
FTIR peaks of PVA. All the initial peaks were reserved and no
new peaks appeared aer thermal treatment, which indicated
that the types of functional groups were little changed.
However, the peak at 3306 cm�1 corresponding to hydroxyl
functional group shied to the higher wave number 3344 cm�1

verifying the occurrence of cross link between hydroxyls on the
PVA or the interaction between silver and hydroxyls during the
thermal treatment.46 The strong peak of O–H at 3344 cm�1
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 SEM images of fabrication mat before and after utilizations ((a) initial mat before thermal treatment; (b) mat after thermal treatment; (c)
used mat).

Fig. 2 XRD spectra of the composite mat.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
0/

28
/2

02
5 

2:
11

:0
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
demonstrates that a large number of hydroxyl groups are
present on the surface of mat, which can play a very key role
during the adsorption process.20

The XPS spectra of themat were shown in Fig. 3. The element
ratio obtained from the measurement was shown in Table S2.†
As shown in Fig. 3a, the O1s spectrum was divided into ve
main peaks. Among these peaks, the peak at 531.5 eV is
assigned to hydroxyl bonded to metal, perhaps to silver or
mercury, and the binding energy at 532.4 eV corresponds to the
water adsorbed on the mat.47 The peak appeared at 531.8 eV is
mainly attributed to chemisorbed oxygen.48 The results suggest
that the oxygen in the mat plays roles during the mercury
adsorption process. As for the Ag3d spectrum in Fig. 3b, one of
the twomain peaks at 367.6 eV correspond to silver oxide, which
can also be explained by O1s at 531.5 eV. The main peak of Hg4f
at 101.3 eV can be due to polymer function groups or Hg+

formed on Ag nanoparticles suggesting the important role of
silver nanoparticles during the mercury removal process.49

Accordingly, the mechanism of mercury adsorption on the
Ag–PVA composite can be demonstrated in two processes: (1)
mercury ion reduction and amalgamation formation, and (2)
mercury ion complexation with hydroxyl groups. The rst
process may play the leading role, which can be supported by
the successful recovery of mercury using heat treatment. The
This journal is © The Royal Society of Chemistry 2017
second one can promote the whole removal process which can
be supported by the adsorption performance of the virgin PVA
mat. The possible mechanism of whole adsorption process is
similar with the previous reports.38

The standard reduction potential of silver (E0) is 0.80 V (Ag+ +
e� / Ag0), which is comparable to that of mercury (Hg2+ + 2e�

/ Hg, E0 ¼ 0.85 V).26 Normally, it is difficult for bulk silver to
reduce Hg2+ to elementary mercury (Hg). However, it was re-
ported that the reduction potential of silver would highly
decrease with the size decreasing, especially when the size of
silver was on nanometer scales. The surface chemistry of silver
nanoparticles can be largely changed compared with the bulk
material. The reactivity of silver nanoparticles can be greatly
enhanced and able to reduce Hg2+ to elementary mercury with
partial oxidation of silver.38 In this study, the reduced mercury
can probably form amalgamation with silver.

In addition, it can be seen from Table S2† that the concen-
trationmeasured from XPS was similar with the results of EDS. It
should be noted that both the two methods were semi-
quantitative and the measurement region and depth of these
two methods were different. That is to say, some small differ-
ences of results from the two characterizationmethods should be
reasonable. Therefore, it can be concluded that the character-
ization results of two methods were in consist with each other.

3.2 Mercury removal performance

3.2.1 Effect of silver loading amount. To understand the
effect of silver loading amount of the composite on mercury
removal, the adsorption performances of the mats with different
silver loading amounts were carried out. Four precursor solutions
with different ratios of AgNO3 to PVA (mg : mL) (0 : 1, 0.05 : 1,
0.1 : 1, and 0.2 : 1) were named as 0% Ag, 5% Ag, 10% Ag, and
20% Ag, respectively. The true amounts of silver in the mats (0%
Ag, 5% Ag, 10% Ag, and 20% Ag) were quantied by ICP-MS at
0mg g�1 (below the detection limit of ICP-MS), 27.4� 1.8mg g�1,
56.5 � 1.2 mg g�1 and 96.1 � 1.4 mg g�1.

Fig. 4 showed mercury removal performance of four mats
with different silver contents. The results demonstrated that the
adsorption performances of the mat were obviously promoted
by silver modication. PVA mat without modication also
showed certain capacity for mercury removal. The adsorption
RSC Adv., 2017, 7, 4830–4839 | 4833
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Fig. 3 XPS spectra of the main elements in the composite mat.
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was probably caused by the hydroxyl groups on the surface of
the mat. The mercury removal efficiency of PVA mat increased
from about 70% to �100% by silver modication. The signif-
icant enhancement of removal efficiency indicated that silver
nanoparticles on the surface of bers played a key role during
adsorption process. However, the removal efficiency increased
slightly as the silver loading amount increased from 0.05
to 0.2.
Fig. 4 Removal performance of mats with various silver loading
amounts (C0 ¼ 20 ng mL�1, V ¼ 50 mL, m ¼ 50 mg, 25 �C).

4834 | RSC Adv., 2017, 7, 4830–4839
The removal efficiency increased sharply from 0 to �60%
within 20 minutes and then slowly increased to adsorption
equilibrium platform during the following 60 minutes. The
performance can be interpreted by that a large number of
vacant adsorption sites were available during the initial
stage, and then the adsorption sites decreased with time
till equilibrium reached. Denitely, silver modication
shortened the equilibrium time of the mat for mercury
adsorption.

3.2.2 Effect of pH. In order to investigate the effect of
solution pH on mercury removal efficiencies batch adsorption
experiments were conducted at pH ranging from 3.0 to 12.0
(Fig. 5). The removal efficiency of unmodied PVA mat was
lower than 40% in the pH range of 3.0 to 4.0, and increased up
to 70% with the increase of pH to 7.0. Further increase of pH
caused adsorption efficiency decrease. The adsorption effi-
ciency was greatly affected by pH. For the modied membrane,
the removal efficiency at different pH was above 75%, and the
adsorption was slightly affected by pH. The maximum removal
efficiency of modied mat could be achieved when the pH
values were between 6.0 and 8.0. The possible adsorption
mechanism is affinity binding between silver nanoparticles and
mercury ions in addition to ion exchange between functional
groups and mercury ions. The maximum adsorption occurs
under nearly neutral conditions, which is favorable for real
applications for natural water.
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Effect of pH on the mercury adsorption efficiency (C0 ¼ 20 ng
mL�1, V ¼ 50 mL, m ¼ 50 mg, 25 �C).
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3.2.3 Effect of temperature. The effect of the temperature
was explored by conducting the adsorption experiment at 30 �C,
40 �C, 50 �C, 60 �C, 70 �C, and 80 �C, respectively (Fig. S4†). The
solution temperature was kept constant using a thermostatic
bath. The results indicated that temperature had slight effects
on the removal efficiency of the composite mat. The removal
efficiency of unmodied mat showed obvious changes with
temperature increasing from 30 to 80 �C. As to the modied
mat, high removal efficiencies (nearly 100%) were kept at
various temperatures.

3.2.4 Effect of initial mercury concentration. In order to
investigate the effect of initial mercury concentration on the
adsorption, the experiment was conducted by varying the
concentration from 10 to 60 ng mL�1 under the neutral condi-
tions. The results were shown in Fig. 6a. It showed that the
adsorption rate of unmodied mat decreased with concentra-
tion increasing while modied mat increased slightly. The
results suggest that the unmodied mat has limited active
adsorption sites for mercury, while the mat modied with
AgNPs possess much more active sites including both affinity
binding sites and ion exchange groups.

On the other hand, the residue concentrations according to
different initial concentrations were also shown in Fig. 6b. The
Fig. 6 Measurement of the maximum adsorption capacity and the effec

This journal is © The Royal Society of Chemistry 2017
results reveal that the unmodied mat is not effective but the
Ag–PVA composite mat shows an excellent performance, sug-
gesting the promising applications of the composite adsorbent
for mercury removal.

3.2.5 Effect of coexisting ions. In order to examine the
effect of coexisting ions on adsorption and investigate the
selectivity of themat, the adsorption experiment was carried out
in the presence of various coexisting ions. The results (Fig. S5†)
demonstrated that most coexisting ions did not pose obvious
interferences on the adsorption process of the modied mat
except for high concentration of Co2+, Cd2+, Cu2+, and Fe3+. Fe3+

showed the most serious inhibiting effect on mercury removal
efficiency, which indicates that the mat is not appropriate for
water treatment with high concentration of Fe3+ ions. The
possible reason for the obvious inhibitation caused by the high
concentration of Fe3+ was that Fe3+ could hydrolize in water
solution and the pH of the solution sharply decreased to 2.6
when the high concentration of Fe3+ was added. As mentioned
above, the adsorption efficiency was low at lower pH, especially
below 3.0. Compared with the virgin mat without modication
(Fig. S5,† white bar), the selectivity of the composite mat to
mercury ions can be obviously enhanced by the presence of
AgNPs (Fig. S5,† black bar).

3.3 Regeneration and reuse

Acid elution and thermal desorption were applied to regenerate
the usedmat. The usedmat was immersed into 10% (v/v) HCl or
10% (v/v) HNO3 solution and shaken for 24 hours. Then the mat
was reused aer it was washed with distilled water to remove
the remained acid. The used mat was also treated by thermal
desorption. The mat was put in the oven under 150 �C for 2
hours to release the absorbed mercury. The results of regener-
ation and reuse were shown in Fig. S6.† Thermal desorption
method was more efficient than acid elution with better
recovery and more recycles.

3.4 Application to real water

It is very critical to remove the possible elevated trace mercury in
natural water bodies because of the biotransformation, bio-
magnication and bioaccumulation of mercury in aquatic
systems. The behaviors of this composite are suitable for the
ts of initial concentrations (V ¼ 50 mL, m ¼ 50 mg, 25 �C).
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Table 1 The real water treatment (n ¼ 3, data were shown in the mean values)

Water sample

Initial
concentration
(ng mL�1)

First cycle
efficiency (%)

First residual
concentration
(ng mL�1)

Second cycle
efficiency (%)

Second residual
concentration
(ng mL�1)

Third residual
concentrationa

(ng mL�1)

Lake water 20 85.3 � 2.0 2.9 � 0.4 78.6 � 3.4 0.6 � 0.1 ND
50 85.8 � 1.2 7.1 � 0.6 79.3 � 4.2 1.5 � 0.3 ND
100 86.0 � 1.5 14.0 � 1.5 81.0 � 2.8 2.7 � 0.4 ND

River water 20 82.2 � 2.5 3.6 � 0.5 82.3 � 2.8 0.6 � 0.1 ND
50 84.7 � 1.8 7.6 � 0.9 83.1 � 3.9 1.3 � 0.3 ND
100 85.9 � 2.1 14.1 � 2.1 83.5 � 1.4 2.3 � 0.2 ND

Tap water 20 87.2 � 1.5 2.6 � 0.3 85.3 � 3.8 0.40 � 0.08 ND
50 87.6 � 1.6 6.2 � 0.9 85.5 � 3.2 0.9 � 0.2 ND
100 87.8 � 1.4 12.2 � 1.8 86.0 � 1.7 1.7 � 0.2 ND

Deionized water 20 95.3 � 1.0 0.9 � 0.2 91.6 � 2.3 0.10 � 0.03 ND
50 94.4 � 0.6 2.8 � 0.3 92.2 � 1.9 0.20 � 0.04 ND
100 91.6 � 1.1 8.4 � 1.1 92.3 � 1.2 0.70 � 0.08 ND

a The detection limit for Hg2+ is 0.03 ng mL�1.
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natural water which is always with pH value 6 or 7. In order to
evaluate the practical performance of the prepared mat, several
real water samples (lake, river, and tap water) were collected and
treated by the composite adsorbent. The simulated contamina-
tion water samples were prepared by spiking mercury solutions
into the collected water samples with various nal concentrations
of 20 ng mL�1, 50 ng mL�1 and 100 ng mL�1. The results were
listed in Table 1 and showed that the composite mat was feasible
and effective for real water. When the water samples were treated
for the third time, the concentrations of mercury in all of the
water samples were below the measurement detection limit (0.03
ngmL�1). Even the thermal treatment can decrease the solubility
of the mat, a part of mat can also be dissolved during the real
application process. The loss of the weight of the mat aer use
was also determined, and the mass loss of the used mat was 9.20
� 0.03% compared with the original mat. The release of silver
from the mat during real applications was also evaluated by the
experiment. The leached silver in water samples was determined
by ICPMS. The results indicated that a little bit (6.6–8.7% of the
total loaded amount of silver) of silver could be released out into
water from the mat during use (Fig. S7†).
Table 2 Comparison of the pseudo-first-order and pseudo-second-
order parameters for Hg2+ adsorption on the meat

Temperature
(�C)

Pseudo-rst-order Pseudo-second-order

k1 (L min�1) R2 k2 (g mg�1 min�1) R2

20 0.049 � 0.002 0.8621 27.31 � 1.62 0.9998
30 0.044 � 0.003 0.6853 33.03 � 2.73 0.9998
50 0.060 � 0.005 0.8895 16.85 � 1.12 0.9999
3.5 Adsorption kinetics

The adsorption process was analyzed using the pseudo-rst-
order and pseudo-second-order equations. The pseudo-rst-
order Lagergren model is generally expressed as:14,20

dqt

dt
¼ ktðqe � qtÞ

qe and qt (mg g�1) are the adsorption capacity at equilibrium
and at time t, respectively. k1 is the rate constant of the pseudo-
rst-order adsorption (L min�1).

The above equation can be integrated as the following form:

ln(qe � qt) ¼ ln qc � k1t

The values of k1 and qe can be determined by the slope of
linear plots of ln(qe � q) versus t.

The pseudo-second-order model is generally expressed as:
4836 | RSC Adv., 2017, 7, 4830–4839
dqt

dt
¼ k2ðqe � qtÞ2

k2 is the pseudo-second-order rate constant (g mg�1 min�1), qe
is the amount of metal adsorbed at equilibrium (mg g�1), and q
is the amount of metal ions on the surface of the sorbent at any
time t (mg g�1).

The above equation can be transformed into the following
equation by integrating.

t

qt
¼ 1

k2qe2
þ t

qe

By plotting t/q versus t, qe and k2 can be determined from the
slope and intercept.

The adsorption data at various contact time were used for the
investigation of the adsorption kinetics. The linear plots of
the experimental data based on both the pseudo-rst-
order equation and the pseudo-second-order equation were
shown in Fig. S8a and b.† The calculated parameters of two
models were summarized in Table 2. The results demonstrate
that the adsorption process perfectly ts with the pseudo-
second-order kinetic model (Fig. S8b†) indicating that chemi-
sorptions played a key role during the adsorption process.50
3.6 Adsorption thermodynamics

Adsorption isotherms are mathematical models that describe
the distribution of the solute species between liquid and
This journal is © The Royal Society of Chemistry 2017
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adsorbent. To analyze its isotherm and adsorption property,
experiments were conducted at different temperatures (293 K,
313 K, and 333 K) with 50 mg adsorbent in 50 mL mercury
solution. The mixture was stirred for 200 minutes to ensure
reaching equilibrium. The experimental data were described
using both the Langmuir and Freundlich isotherms and the
parameters corresponding to the adsorption process were
summarized in Table 3. It can be observed that the adsorption
process ts the Langmuir isotherm better than Freundlich
isotherm with higher R2 value. From the Langmuir data it can
be calculated that the maximum adsorption capacity was ob-
tained at 333 K as 229.36 mg g�1.

Thermodynamic parameters like changes in enthalpy (DH),
entropy (DS) and free energy (DG) were calculated according to
the related parameter values derived from the modeling of
Table 3 Parameters of adsorption isotherms of the two equation
models

T Qm (mg g�1) KL R2

Langmuir 293 K 175 � 12 0.430 � 0.023 0.999
313 K 203 � 17 0.220 � 0.012 0.999
333 K 229 � 19 0.140 � 0.008 0.999

T n KF R2

Freundlich 293 K 2.16 � 0.08 17.9 � 1.5 0.913
313 K 2.18 � 0.09 20.4 � 1.4 0.900
333 K 2.13 � 0.13 15.1 � 1.2 0.900

Fig. 7 The antibacterial results against (a) Staphylococcus aureus and (b

Table 4 Parameters of the thermodynamics

C (mg L�1) DH (kJ mol�1)

DG (kJ mol�1)

293 K 313 K 3

300 0.13 � 0.02 2.05 � 0.10 4.00 � 0.22 5
600 2.14 � 0.33
1000 1.48 � 0.24

This journal is © The Royal Society of Chemistry 2017
isotherm at different temperatures (293 K, 313 K, and 333 K)
according to the (3) and (4) equation and the results were shown
in Table 4.

DG ¼ �RT ln Kd (3)

DS ¼ (DH � DG)/T (4)

R is the universal gas constant (8.314 J mol�1 K�1), T is the
absolute temperature (K) and Kd(qe/Ce) is the distribution
coefficient obtained from the isotherm.

The positive value of DH proves the adsorption for mercury
ions is an endothermic process.51 The phenomenon that DG
increases with an increase in temperature indicates the spon-
taneity can increase with temperature. In addition, the negative
values of DS reect the slightly decreased randomness at the
solid/solution interface during the adsorption.
3.7 Antibacterial test

Membrane fouling by bacterial pathogens is a common crit-
ical problem hampering the effective practical application of
membrane/mat in water treatment. The antibacterial ability is
important for the adsorbent to defend biofouling and
enhance the performance in water treatment procedure. To
test the antibacterial property of the mat the antimicrobial
experiment was conducted and the typical results were shown
in Fig. 7. AgNPs modication signicantly promoted the
antibacterial ability of the mat while the virgin PVA mat
exhibited no antibacterial ability. Moreover, the area of the
) E. coli.

DS (J mol�1)

33 K 293 K 313 K 333 K

.40 � 0.52 �6.60 � 0.54 �12.40 � 1.00 �15.90 � 1.32
0.30 � 0.04 �6.00 � 0.43 �9.80 � 0.57

�1.90 � 0.16 �8.10 � 0.77 �11.80 � 0.89
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inhibition zone increased with the increase of silver contents
in the composite mat indicating that the silver played the key
role in antibacterial activity. In general, the experimental
results prove the excellent antibiofoul property of the ltra-
tion mat which is meaningful for practical utility.
3.8 Comparison with other sorbents

The sorption capacity of the obtained mat in this study was
compared with that of the previously reported sorbents in Table
S3.† From the results, most studies focused on powder adsor-
bents which suffer the disadvantage of difficult collection aer
use during real applications. As to the mat in our study, it is easy
to collect the used adsorbent aer treatment, which can mini-
mize the risks of second pollution. Furthermore, the optimal
pH range (6–8) in our study is relatively wider and more favor-
able for natural water treatment. To the best of our knowledge,
most sorbents for mercury ions do not have antibacterial
properties or their properties have not been evaluated. The
composite mat synthesized in our study not only has good
selectivity and ability for mercury sorption but also has good
antibacterial property. The metal–polymer composite mat can
be applied to aqueous treatment based on its multiple func-
tional properties. The sorption capacity of the mat was satis-
factory for mercury removal and comparative to other sorbents
reported in literatures.
4 Conclusions

A Ag–PVA composite mat was successfully prepared via simple
process of sol–gel and electrospinning. The composite mat
showed an obvious promotion for aqueous mercury adsorption
and an excellent endurance for wide pH value range in liquid
solution. The regeneration experiment suggested that the heat
treatment was an effective way to recover the mercury adsorp-
tion ability. The kinetic and thermodynamic studies showed
that the adsorption process tted well with pseudo-second-
order dynamic equation and Langmuir isotherm models. In
addition, the antibacterial test proved that the mat had good
antibacterial ability. The maximum adsorption capacity of the
prepared mat was large and the performance was satisfactory
for real applications.
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