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Thiol-functionalized mesoporous poly (vinyl alcohol)/SiO; composite nanofiber membranes and pure
PVA nanofiber membranes were synthesized by electrospinning. The results of Fourier transform
infrared (FTIR) indicated that the PVA/SiO, composite nanofibers were functionalized by mercapto
groups via the hydrolysis polycondensation. The surface areas of the PVA/SiO, composite nanofiber
membranes were >290 m?/g. The surface areas, pore diameters and pore volumes of PVA/SiO, composite
nanofibers decreased as the PVA content increased. The adsorption capacities of the thiol-functionalized
mesoporous PVA/SiO, composite nanofiber membranes were greater than the pure PVA nanofiber
membranes. The largest adsorption capacity was 489.12 mg/g at 303 K. The mesoporous PVA/SiO;
composite nanofiber membranes exhibited higher Cu?* ion adsorption capacity than other reported
nanofiber membranes. Furthermore, the adsorption capacity of the PVA/SiO, composite nanofiber
membranes was maintained through six recycling processes. Consequently, these membranes can be

promising materials for removing, and recovering, heavy metal ions in water.

Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Heavy metal ions, often found at high concentrations in landfill
leachate, pose a threat to public health [1]. In addition, many of
these elements (e.g., silver, lead and copper) are precious metals,
which can be recycled and reused for a wide range of applications
[2]. Thus, in China and many other countries, the removal of heavy
metal ions from water has attracted more and more attention from
the public and government. Adsorption technology is one of the
most popular methods to remove these heavy metal ions. However,
adsorption efficiency, selectivity, equilibrium time, regeneration,
and stability usually depend on the material characteristics of the
adsorbents [3,4]. Therefore recent research has focused on the
application of novel materials for adsorption of heavy metal ions
from aqueous solution.

In recent years, nanoporous adsorbents have generated consid-
erable interest due to their uniquely large specific surface area,
regular pore structure, and highly controllable surface properties
[4—6]. Nanoporous materials include mesoporous silica materials,

* Corresponding author. Tel.: +86 21 65980567; fax: +86 21 65985059.
E-mail address: bingru@mail.tongji.edu.cn (B. Zhang).

mesoporous carbon materials, nanocarbon materials, nanofiber
materials and others [2—6,8—11]. Mesoporous silica materials are
widely used as adsorbents for adsorption of heavy metal ions, dyes
and inorganic pollutants from aqueous solution in the field of water
treatment [2—4]. However, most studies on mesoporous silica
materials have focused on materials fabricated in bulk or in powder
form [2—4]. In the field of water treatment, powdered nanoporous
materials are not suitable for recycling [12,13]. Currently,
researchers are focusing on ways of applying nanofiber membranes
in adsorption of heavy metal ions [6,8—10,12,13].

Electrospinning is a simple, convenient, effective and widely
utilized technique for generating nanofiber membrane materials, and
has attracted a great deal of attention in recent years [14,15]. The
electrospun fibers produced exhibit some special characteristics,
such as high specific surface area, high porosity, and very small pore
structures on the fibers [16—18]. It has been demonstrated that
a variety of materials can be electrospun to fibers for a variety of
applications, such as tissue engineering, enzyme and catalyst
support, filtration media, sensors, electronic and optical devices,
water treatment, drug delivery systems and reinforced nano-
composites [19—22] such as organic [23,24], inorganic [25—27], and
hybrid polymers (organic-inorganic composites) [28—30]. In recent
studies of chitosan nanofiber membranes [8], chloridized polyvinyl
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Table 1

The components of raw materials used in the synthesis of PVA/SiO, composites.
Components
Gels 10wt%PVA(g) CTAB(g) TEOS(g) KH-590(g) Water(g) Ethanol(g) 2 mol/LHCI(mL) Sulfur content (wt%) Nanofiber Membranes (PVA wt%)
GO O 2.19 6.64 1.54 8.64 7.37 0.8 8.37 N-0(0%)
G-1 5.0 2.19 6.64 1.54 8.64 7.37 0.8 6.43 N-1(1.43%)
G-2 75 2.19 6.64 1.54 8.64 7.37 0.8 6.17 N-2(2.50%)
G-3 10 2.19 6.64 1.54 8.64 7.37 0.8 6.03 N-3(3.33%)
G4 125 2.19 6.64 1.54 8.64 7.37 0.8 5.79 N-4(4.00%)
G-5 15 2.19 6.64 1.54 8.64 7.37 0.8 5.57 N-5(4.55%)
G6 5 0 0 0 0 0 0 0 N-6(100%)

chloride nanofiber membranes [6], wool keratose, silk fibroin nano-
fiber membranes [9], and polyacrylonitrile nanofiber membranes
[10] were applied to adsorption of heavy metal ions from an aqueous
solution [31,32]. However, their capacity to adsorb heavy metal ions
was not high because of low surface area, low porosity, and small pore
structures on the fibers. Generating polymer nanofiber membrane
materials having rationally designed high porosity, high surface area,
high adsorption capacity and regeneration still remains a challenge.

To increase the adsorption of heavy metals on nanofiber mate-
rials, the following methods have attracted the most attention: (1)
surface modification with functional groups and (2) increasing the
surface area of nanofibers [33,34]. Mesoporous nanofibers modified
by functional groups have attracted much attention because of
their properties such as: (1) high surface-to-volume ratio, (2)
uniform pore size distribution, (3) convenient recycling, and (4)
high equilibrium adsorption capacities for heavy metal ions.

SV W;
I
V.9, % "=an

Y

LAR Y
N\ V. =S
G

}=——== 10 um 2000X (Fudan University)

e\

Fig. 1. SEM images of nanofibers extracted with ethanol/HCl (molar ratio of 10:1): (a) 1.43%, (b) 2.50%, (c) 3.33%, (d) 4.00%, (e) 4.55% and (f) 100%.
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Fig. 2. TEM images of nanofibers extracted with ethanol/HCI (molar ratio of 10:1): (a) 1.43%, (b) 2.50%, (c) 3.33%, (d) 4.00%, (e) 4.55% and (f) 100%.

Mesoporous nanofiber membranes can serve as high efficiency
adsorbents in adsorption of heavy metal ions and some other
pollutants, such as organic molecules [3,4,31,32]. Their removal
efficiency for heavy metal ions increases remarkably after the
nanofiber adsorbents have been modified with —NH;, —SH, or
—HSO3 functional groups, which can react with the metal ions [3,4].

For example, the sulfur atom of the —SH group can form chelates
with heavy metal ions [4].

PVA is known to interact with other organic [35,36] and inor-
ganic materials [37,38]. PVA interacts with other materials upon the
electrodeposition process to form a mixed membrane in a polymer
matrix. The membranes are highly transparent and luminescent,
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with superior mechanical properties and high tenacity and inten-
sity, and remain conducting even at high PVA content [6,8,35—39].
The PVA can supply hydroxyl groups on the surface of nanofibers.
The hydroxyl groups can also serve to adsorb heavy metal ions [8].
Fiber mats of PVA/silica composite with different silica content have
been successfully prepared by the electrospinning technique [40].
Mesoporous PVA/silica nanofiber membranes have been synthe-
sized after calcination above 500 °C. However, the organic groups
were removed after calcination at high temperature. The nanofiber
membranes cannot be calcinated at high temperature for applica-
tion in water treatment. Mesoporous PVA/SiO, composite nanofiber
membranes have not been synthesized at room temperature until
now. Polymer/silica composite nanofiber membranes functional-
ized with mercapto groups have distinct advantages for the
specialized purposes of adsorption of heavy metal ions. Therefore,
the preparation of mesoporous nanofiber membranes with high
surface area, high removal efficiency for heavy metal ions and
favorable recycling characteristics is a challenge for practical
applications in the field of adsorption technology.

In this paper, novel mesoporous PVA/SiO, composite nanofiber
membranes synthesized via a sol—gel electrospinning method,
intended to increase the removal efficiency of heavy metal ions
from waste water, are introduced. In addition, the mercapto groups
on the surface of the composite nanofibers enhance their capacity
to adsorb heavy metal ions. The mesoporous PVA/SiO, composite
nanofiber membranes are suitable for applications in the field of
water treatment. It is the first time that mercapto groups have been
added to PVA/SiO, composite nanofibers to increase their removal
efficiency for heavy metal ions.

2. Experiments
2.1. Reagents and materials

3-Mercaptopropyltrimethoxysilane (MPTMS, 99%) was procured
from Aldrich. Tetraethyl orthosilicate (TEOS), cetyltrimethyl amm-
onium bromide (CTAB), absolute ethyl alcohol and poly (vinyl
alcohol) (PVA, 99%, high molecular weight, MW 88000—97000)
were provided by Sinopharm Chemical Reagent Company, China.
Copper nitrate was used to prepare the heavy metal ion solution.
Deionized (DI) water was used throughout this work.

2.2. Preparation of PVA/SiO, gels

A silica gel, with the molar composition TEOS:CTAB:MPTMS:
HCIl:H,0:Ethanol = 1:0.31:0.188:0.025:15:5 was prepared by hydr-
olysis polycondensation [3,4,11]. First, 2.19 g CTAB was dissolved in
7.37 g ethanol and vigorously stirred for 0.5 h at 60 °C. Second, 8.64 g
DI water and 1.54 g MPTMS were added into the mixture and further
stirred for 0.5 h at 60 °C. Then, 6.64 g TEOS was slowly added into the
solution mixture. Finally, 0.8 ml HCI (2 mol/L) was dropped slowly
into the mixture and a silica gel was obtained after reacting for 2 h at
30 °C(G-0). 5.0 g 10 wt% PVA solution was dropped slowly into the
silica gel, then the reaction proceeded in a water bath at 60 °C for
another 4 h. Thus, a viscous gel of PVA/SiO, composite (G-1) was
obtained. Four more composites with different PVA content were
prepared in the same way. The PVA and sulfur contents for each of
them are shown in Table 1.

2.3. Preparation of nanofiber membranes

Each of the above PVA/SiO; composites was placed in a plastic
capillary. A copper pin connected to a high-voltage generator was
placed in the solution. A grounded iron drum, covered with an
aluminium foil, served as a counter electrode. A voltage of 15 kV,
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Fig. 3. FTIR spectra pattern of PVA/SiO, composite nanofibers extracted with ethanol/
HCI (molar ratio of 10:1) at different PVA content: (N-0) 0%, (N-1) 1.43%, (N-2) 2.50%,
(N-3) 3.33%, (N-4) 4.00%, (N-5) 4.55% and (N-6) 100%.

with a tip-to-target distance of 15 cm, at a speed of 0.3 ml/h was
applied to the solution and a dense web of fibers was collected on
the aluminium foil. These fibers were dried initially for 12 h at 60 °C
under vacuum. Then the electrospun PVA/SiO, nanofiber mem-
branes were refluxed in ethanol/HCl (molar ratio of 10:1) for 24 h at
70 °C to remove the template, and finally dried for 6 h at 60 °C under
vacuum. The components of all PVA/SiO2 nanofiber membranes
(membrane N-1~N-5) can be seen in Table 1. The sample N-6
nanofiber membrane was pure PVA nanofiber membrane and the
sample N-0 nanofiber membrane was silica membrane materials.

2.4. Characterization

Transmission electron microscopy (TEM) images were taken
using a JEM-2011 electron microscope operating at 200 kV. Scan-
ning electron microscopy (SEM) images were recorded with a field
emission XL-30 SEM. Fourier transform infrared spectroscopy
(FTIR) of KBr powder-pressed pellets was recorded on a BRUKER
VECTOR 22 spectrometer. The N, adsorption—desorption isotherm
measurements were taken with a Quantachrome NOVA 1000
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Fig. 4. The nitrogen adsorption—desorption isotherms of PVA/SiO, composite nano-
fibers extracted with ethanol/HCl (molar ratio of 10:1) at different PVA content: (N-0)
0%, (N-1) 1.43%, (N-2) 2.50%, (N-3) 3.33%, (N-4) 4.00%, (N-5) 4.55% and (N-6) 100%.
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Table 2
Physical properties of nanofiber membranes.

Sample PVA conten Surface area Pore Pore volume Nanofiber

(Wt%) (m?/g) diameter  (cm?[g) diameter (nm)
(nm)
N-0 0 521.7 6.72 0.657 500—1000
N-1 143 4743 472 0.457 100-300
N-2 2.50 431.5 413 0.421 200—400
N-3 333 370.2 3.83 0.357 300-500
N-4 4.00 347.9 341 0.313 400—-600
N-5 4.55 294.7 2.85 0.274 500—700
N-6 100 34.7 0.13 0.034 600—1000

system. Wide-angle x-ray diffraction (WARD) patterns of the
samples were recorded using a Philips diffractometer with a Geiger
counter. Scans were made from 10° to 90° (26) at the speed of 2 °/
min. The concentrations of Cu?* remaining in the solutions were
analyzed by an Inductively Coupled Plasma Spectrometer (ICP,
Optima 2100 DV, America). The sulfur content was determined by
an Elemental Analyser (Vario EL,CHNS).

2.5. Effect of pH on adsorption

The effect of pH on the adsorption was determined in experi-
ments using approximately 50 mg of membrane and 100 ml of
1.0 mmol/L Cu?* solution. Dilute nitric acid and sodium hydroxide
solutions were used to adjust the initial pH value to 2, 2.5, 3, 3.3, 3.7,
4,45, 5,5.5 and 6. After shaking (200 r/min) for 60 min at 303 K,
the suspension was separated with a 0.45 pm Uniflo filter. The
filtrate was analyzed for Cu?* by ICP/OES spectroscopy and the final
pH value of the filtrate was determined.

2.6. The adsorption isotherm on the nanofiber membranes

Adsorption experiments were conducted as follows. For each
250 ml conical flask, approximately 50 mg of membranes and
100 ml of Cu®* solution, each with different concentrations (0.5, 1.0,
1.5, 2.0, 3.0, 4.0, 5.0, 7.0 and 10.0 mmol/L, respectively) were added.
Dilute nitric acid and sodium hydroxide solutions were used to
adjust the initial pH value to 5. The oscillation treatment consisted
of oscillations at 200 r/min at temperature of 303 K for 60 min.
Then, the suspension was separated using a 0.45 pm Uniflo filter.
The filtrate was determined for Cu®>* concentration by using ICP/
OES spectroscopy.

00010 SN g N-0(PVA 0%)
oo0s| N-0  N-1(PVA 1.43%)
E . " N-2(PVA 2.50%)
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s N-5(PVA 4.55%)
2 0.0002 N-6(PVA 100%)
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Fig. 5. The pore size distributions of PVA/SiO, composite nanofibers extracted with
ethanol/HCI (molar ratio of 10:1) at different PVA content: (N-0) 0%, (N-1) 1.43%, (N-2)
2.50%, (N-3) 3.33%, (N-4) 4.00%, (N-5) 4.55% and (N-6) 100%.
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Fig. 6. WARD of PVA/SiO, composite nanofibers extracted with ethanol/HCl (molar

ratio of 10:1) at different PVA content: (N-0) 0%, (N-1) 1.43%, (N-2) 2.50%, (N-3) 3.33%,
(N-4) 4.00%, (N-5) 4.55% and (N-6) 100%.

a 100

I —s—PVA/SiO2 membranes
90 | —e—Silica materials

I —&— Pure PVA membranes
80 |

70
60 |-

50 |

Removal rate(%)

30 -

20 -

Initial pH

—8—PVA/SiO2 membranes
—&— Silica materials
—&— Pure PYA membranes

@
=}
T

Initial pH

Fig. 7. Effects of pH on adsorption for PVA/SiO, composite nanofibers, silica materials,
pure PVA nanofibers and changes of the final and initial pH values.
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Fig. 8. The mechanism of adsorption of Cu?>* on PVA/SiO, composite nanofibers.

2.7. Regeneration of nanofiber membranes

About 100 ml of 1.0 mmol/L Cu®* solution was added to a 250 ml
conical flask containing 50 mg of nanofiber membranes. After an
oscillation treatment for 60 min at a temperature of 303 K, the
suspension was separated using a 0.45 um Uniflo filter. The filtrate
was determined for Cu** concentration by using ICP/OES spec-
troscopy. The copper-loaded adsorbent was then stirred in 100 ml
of 1 mol/L HCI solution for 2 h at room temperature to strip the
Cu?* ion. Then the suspension was filtered and the residue was
added to 1 mol/L NaHCOs3 solution with a stirring time of 2 h at
room temperature. After filtration and washing, the sample was
neutralized to pH 7. The cleaned membrane was then dried in

S. Wu et al. / Polymer 51 (2010) 6203—6211
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a vacuum oven at 60 °C. The first adsorption—desorption cycle was
followed by five other cycles using the same adsorbent batch. After
six regeneration cycles, the sample was dissolved using 100 ml
dilute nitric acid for 3 h. The solution was then diluted to 500 ml to
measure the Cu®* ion concentration using ICP/OES spectroscopy.

3. Results and discussions
3.1. Characterization of nanofiber membranes
Fig. 1 shows SEM photographs of nanofibers spun at a voltage of

15 kV, with a tip-to-target distance of 15 cm, and extracted with
ethanol/HCI (molar ratio of 10:1).
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As observed, the diameters of PVA/SiO, composite nanofibers
were in the range of 100—700 nm, and the diameters of pure PVA
nanofibers ranged from 600 to 1000 nm. The diameters of PVA/SiO;
composite nanofibers were less than those of pure PVA nanofibers.
When the amount of PVA decreased, the diameters of the nano-
fibers also decreased. However, there were some bears in the
membrane when the content of PVA was less than 3.33%. When the
PVA content was greater than 3.33%, the amount of bears decreased
and the nanofiber diameters were more uniform. However, there
were more crosslinks between the fibers [40—45].

Fig. 2 shows TEM photographs of thiol-functionalized meso-
porous PVA/SiO, composite nanofibers. The TEM images confirmed
that the nanofibers obtained after extraction with ethanol/HCl had
both porous and rough surfaces. The surfaces of the nanofibers
were mesostructured. Although the body-centered mesostructure
was out-of-order, the large specific surface area, high porosity,
small pore structures, and highly controllable surface properties
ensure that PVA/SiO, composite nanofibers can serve as an adsor-
bent with large adsorption capacity [3,4].

Fig. 3 shows the FTIR spectra for the silica materials, pure PVA
nanofibers and PVA/SiO, composite nanofibers extracted with
ethanol/HCl for 24 h. For the PVA spectrum, the broad band
observed from 3100 to 3600 cm~! was assigned to —OH stretching
due to the strong hydrogen bonding of intramolecular and inter-
molecular type. The stretching band at 285-2950 cm™! was
attributed to the alkyl stretching mode. The absorption band from
1700 to 1750 cm™! arises due to the stretching vibration of the
carbonyl from the acetage group present in the partially hydrolyzed
PVA polymer [46]. For silica materials spectrum, the features
around 801 and 1053 cm™! are assigned to the Si—O—Si stretching
vibrations. The vibrations of Si—OH appeared around 1653 and
3404 cm~! [3,4,11]. The FTIR spectra in Fig. 3 show characteristic
bands for mercapto group vibrations around 2552 cm™! [4,41,47],
which leads to the conclusion that mercapto groups have been
successfully added to the mesoporous silica skeleton by hydrolysis
polycondensation.

The nitrogen adsorption—desorption isotherms for PVA/SiO;
composite nanofibers extracted are shown in Fig. 4, respectively.
Based on BJH theory, the average pore diameter, the Brunauer-
Emmet-Teller (BET) surface area and the pore volume of fibers
extracted are shown in Table 2. It indicates that the surface area,
pore volume and pore diameter decreased as the PVA content
increased.

The pore size distributions of PVA/SiO, composite nanofiber
membranes are shown in Fig. 5. As shown in Fig. 5, the diameters of
PVA/SiO; composite nanofibers were in the range of 2.85—4.72 nm,
indicating that the nanofiber surface was mesoporous. The pore
diameter of pure PVA nanofibers is on 0.13 nm.

Fig. 6 shows the WARD curve for the nanofiber samples. As shown
in Fig. 6 one peak appeared at around 26 = 20°, corresponding to the
(101) plane of semi-crystalline PVA in pure PVA nanofibers. However,
the peak broadened for the samples of PVA/SiO, composite nano-
fibers, indicating that the crystallinity of PVA was substantially
influenced by the presence of silica in the PVA/SiO, composite
nanofibers.

3.2. Effect of pH on adsorption

The effects of the solution pH on the adsorption of Cu** onto
nanofiber membranes are shown in Fig. 7. The Cu®>* removal effi-
ciency increased remarkably as the solution pH increased from 2 to
5, then increased slowly with further increases in pH. This effect
was mainly due to the protonation of the sulfur atom of the —SH
group, which diminishes the ability of the —SH group to be involved
in chelating Cu®* from solution. When the pH was around 5, the
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Fig. 9. Adsorption isotherm of PVA/SiO, composite nanofiber membranes, silica
materials and pure PVA nanofiber membranes. (N-0) 0%, (N-1) 1.43%, (N-2) 2.50%,
(N-3) 3.33%, (N-4) 4.00%, (N-5) 4.55% and (N-6) 100%.

heavy metals in solution existed in the form Cu(OH)*, which favors
adsorption [3,4,6—8]. The removal rate of PVA/SiO, composite
nanofibers is highest, and the pure PVA nanofibers is lowest.

As shown in Fig. 7(b), when the adsorption process was
complete the final solution pH was lower than the initial pH value.
An exchange adsorption reaction between H" of the —SH group in
the framework of mesoporous materials and the heavy metal ions
caused a general decline in the pH of the system. Fig. 8 shows the
adsorption mechanism of Cu®* onto the adsorbent [2,4,48,49]. The
mechanism for the removal of toxic heavy metal ions in an aqueous
solution is mostly either by electrostatic interaction (ionic inter-
action between positively charged metal ions and negatively
charged matrices) or by chelation (donation of the lone-pair elec-
trons of the matrices to metal ions to form co-ordinate bonds)
[48,49]. The final pH of PVA/SiO, composite nanofibers is lowest,
and the pure PVA nanofibers is highest.

The optimum pH value for the removal of Cu?* from solution
ranged from 5 to 6. In this pH range, neither precipitation of the
metal hydroxide nor protonation of the sulfur atom on the —SH
group occurred.
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Fig. 10. Removal efficiency of Cu?* on nanofiber membranes at different regeneration

cycles. (N-1) 1.43%, (N-2) 2.50%, (N-3) 3.33%, (N-4) 4.00%, (N-5) 4.55% and (N-6) 100%.
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Table 3

Non-linear fitting parameters, equations of the Redlich—Peterson model.
Membranes (PVA wt%) Adsorption capacity (mg/g) Average value of fitting parameter Equation

P o 8 R?

N-0(0%) 389.12 59.24 1623 1.001 0.9987 Ge = 59.24C./(1+16.23C}001)
N-1(1.43%) 489.12 62.67 18.09 1.003 0.9994 ge = 62.67C./(1 + 18.09C]-003)
N-2(2.50%) 423.87 60.17 17.02 0.9790 0.9986 ge = 60.17Ce /(1 + 17.02C29790)
N-3(3.33%) 373.37 59.01 15.81 0.9455 0.9991 ge = 59.01C/(1 + 15.81C2:9455)
N-4(4.00%) 389.12 56.18 13.12 0.9691 0.9979 ge = 56.18C,/(1 + 13.12C09691)
N-5(4.55%) 34143 52.67 13.09 1.003 0.9994 ge = 52.67Ce/(1+13.09C}99)
N-6(100%) 12434 16.47 5.80 1.009 0.9988 ge = 16.47C. /(1 + 5.80C}009)

3.3. Adsorption isotherm of PVA/SiO, composite nanofibers

Redlich—Peterson equations (Eq. (1)) were used to analyze the
experimental adsorption isotherms in Fig. 5.

PC,

e = e (1)
1+ aC

In the above equation, ¢, is the sorption amount per unit of
adsorbent (mmol/g), C. is the equilibrium concentration (mmol/L)
of heavy metal ions, Pis the Redlich—Peterson isotherm constant (1/
mmol), « is the Redlich—Peterson isotherm constant (I/mmol), and
(G is the exponent, which lies between 0 and 1.

The isotherms of Redlich—Peterson models for Cu?>* adsorption
on PVA/SiO, composite nanofibers are displayed in Fig. 9, and the
corresponding parameters are listed in Table 3. The adsorption of
Cu®* ions increased rapidly in the initial phase and then the
increasing trend decreased as the initial concentration increased.
The initial increase might be due to the high surface area, many
available binding sites (such as mercapto groups, primary and
secondary hydroxyl groups), and inter and intra pores in the
adsorbent [2—4]. The adsorption equilibrium data of Cu(Il) ions was
analyzed with the Redlich—Peterson adsorption equation. The
adsorption data fit the Redlich—Peterson isotherm equation well.
The B constant of the Redlich—Peterson isotherm equation was
nearly equal to 1 [2,49], which indicates that the monolayer reac-
tion of Cu®* on PVA/SiO, composite nanofibers was predominant,
but it was not an ideal monolayer adsorption. The main adsorption
process of the mesoporous adsorbents for heavy metal ions is
chemisorption.

From Fig. 9, it is clear that the adsorption capacities of the PVA/
SiO, composite nanofiber membranes were > = 34143 mg/g at
303 K, and the largest equilibrium adsorption capacity of Cu®* was
489.12 mg/g on PVA/SiO, composite nanofiber membrane
(membrane N-1). The result is higher than other results reported in
other research. The equilibrium adsorption capacities of copper
ions by chitosan nanofiber membranes, chloridized polyvinyl
chloride nanofiber membranes, wool keratose, silk fibroin nano-
fiber membranes, polyacrylonitrile nanofiber membranes, and
mesoporous silica materials were 485.44 mg/g, 100.83 mg/g,
2.88 mg/g, 27.95 mg/g, 12.82 mg/g, and 36.38 mg/g, respectively
[3,4,6—10]. However, when the initial concentration of heavy metal
ions is too high, there may be a coprecipitation reaction between
heavy metal ions [32,49]. The remarkable characteristics of the
thiol-functionalized mesoporous silica materials are the high
surface area per unit mass and large number of mercapto groups,
which may cause high adsorption capacity for metal ions.

Table 3 shows the equilibrium adsorption capacity of Cu®>" on
PVA/SiO, composite nanofibers and pure PVA nanofibers. It is clear
that the equilibrium adsorption capacity of heavy metal ions on
functionalized mesoporous PVA/SiO, composite nanofiber
membranes was larger than on pure PVA nanofiber membranes.

Thus, functionalizing the nanofiber membranes with mercapto
groups was an effective way to improve the equilibrium adsorption
capacity of heavy metal ions on the adsorbent.

3.4. Regeneration for nanofiber membranes

The stripping agent used in this experiment was 1 mol/L HCI
solution. As shown in Fig. 10, for PVA/SiO, composite nanofiber
membranes, the adsorption efficiency of Cu?>* decreased only from
93.1 t0 90.13 even in six extraction cycles. The adsorption efficiency
of Cu?* decreased from 83.7 to 76.21 for pure PVA membranes. It
indicates that the adsorption capacity of PVA/SiO, composite
nanofiber membranes for Cu®* jon was almost fully restored. The
regeneration of PVA/SiO; composite nanofiber membranes is better
than that of pure PVA nanofiber membrane. Consequently PVA/SiO,
composite nanofiber membranes can be promising materials for
removing, and recovering, heavy metal ions in water.

4. Conclusions

In summary, we demonstrated a novel approach to preparation
of PVA/SiO, composite nanofiber membranes with mesostructure
functionalized with mercapto groups without calcination. Electro-
spun nanofiber membranes, which have large surface areas per unit
volume, mass, and number of mercapto groups, can very suitably
remove specific materials by adsorption based on chemical or
physical affinity. When the PVA content of PVA/SiO, composite
nanofiber membranes was in the range of 1.43—4.55%, the surface
areas of PVA/SiO, composite nanofiber membranes were >290 m?/
g. The surface area, pore diameter and pore volume decreased
when the PVA content increased. The mesoporous PVA/SiO,
composite nanofiber membranes exhibited higher Cu?* ion
adsorption capacity than other reported nanofiber membranes. The
largest was 489.12 mg/g. Furthermore, the adsorption capacity of
PVA/SiO, composite nanofiber membranes was maintained
through six recycling processes of adsorption and desorption. The
adsorption capacities of thiol-functionalized mesoporous PVA/SiO;
composite nanofiber membranes were greater than those of pure
PVA nanofiber membrane. It is seen that surface modification is
a useful tool for improving the performance of an adsorbent.
Consequently, this membrane can be a promising material for
removing, and recovering, heavy metal ions in water.
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