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Self-standing membranes of poly(vinylidene fluoride)@layered double hydroxide (PVDF@LDH) composite
fibers were fabricated by using metal salts with different anions (NOs~, Cl~, SO427) as the reactants
through a combination of electrospinning and hydrothermal treatment. The anions have a significant
effect on the morphology and loading amount of LDHs anchored onto the surface of PVDF nanofibers.
In a monovalent anion (such as nitrate) system, small crystal nuclei were formed. Only a small proportion
with a large size grew up to well-defined hexagonal LDH layered nanocrystals with large thicknesses.
However in a divalent anion sulfate system, large crystal nuclei were generated first and most of them
could grow up to thin and curly LDH layered nanocrystals owing to the serious steric hindrance. Well-
defined PVDF@CoAI-LDH composite fibers with a hierarchical structure and uniform core/sheath
morphology could only be obtained in the sulfate system, which could act as an excellent adsorbent for
treating dye solutions. The obtained PVDF@CoAI-LDH core/sheath fibers present a maximum adsorption
capacity of 621.17 mg g~* for methyl orange (MO). Moreover, benefiting from the perfect properties and
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removal efficiency and cycling stability. The MO removal rate of the membrane remained above 93%

DOI: 10.1039/c7ra082829 with a maximum flux of 140 L (m? h)~! despite three times of regeneration, indicating its practical

rsc.li/rsc-advances application for the efficient treatment of dye pollution.

have been used as adsorbents, almost none meets the high level
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Introduction

Dyes are basic chemical compounds that impart color and are
widely used in many industries, such as textile, paper, leather
tanning, and plastics." More than 100 000 dyes are available
commercially, and over one million tons of dyes are produced
per year.” However, about 10-15% of dyes are discharged in
wastewater during manufacturing or processing, thereby
causing serious water pollution problems because many dyes
are toxic, carcinogenic, and mutagenic even in low concentra-
tions.® Various methods, such as coagulation,* degradation,®
adsorption,® oxidation” and membrane filtration,® have been
developed to remove dyes from contaminated water. Among
them, adsorption is one of the most effective techniques
because it is economically feasible, easy to perform, and
insensitive to toxic substances.™* Although numerous materials
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industry requirements. Therefore, novel, highly efficient
adsorbents with large-scale preparation and easy retrievability
should be developed.®

Layered double hydroxides (LDHs) are a class of layered
anionic clays usually described by a general formula of
[M;_ "M, >*(OH),](A" )y mH,O, where M>" and M>" are the
divalent and trivalent metal ions, respectively, in positively
charged layers and A" is the interlayer anion.** LDHs have
received much attention in the past decades as a promising,
highly efficient adsorbent for wastewater treatment because of
their large specific surface area, high charge density, and superior
interlayer anion exchange property."* The composition (kinds of
M>" or M** 22 ratio of M**/M>",®? interlayer anions**), morphology*®
or architecture>'® of LDHs with different specific surface areas
remarkably influences their adsorption performance. Further-
more, LDHs is commonly obtained in powder state, which is not
convenient to operate and reuse and simultaneously causes the
loss of adsorbents and secondary pollution for the treated water.
Therefore, a growth template with a 3D shape and high-specific
surface area is needed to obtain a self-standing adsorbent.

Electrospinning is an efficient and simple method to fabri-
cate fibers down to the micro- and nanometer scale. Electrospun

This journal is © The Royal Society of Chemistry 2017
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fibers possess high porosity, large specific surface area, and
facile modification properties and are widely used as matrix or
template to fabricate multilevel micro- and nanostructure
materials for environmental remediation.”” Liu et al. prepared
hierarchical SiO,@Y-AIOOH (boehmite) core/sheath fibers
through the hydrothermal growth of boehmite on the surface of
electrospun SiO, fibers; this material showed an enhanced
removal efficiency for organic dye and bacteria.”® Hota et al. re-
ported a self-standing membrane of polyacrylonitrile (PAN)/iron
oxide nanocomposite fibers via fabricating electrospun PAN,
followed by the hydrothermal treatment for in situ growth of iron
oxide nanoparticles; this material possessed a maximum
adsorption capacity of 52.08 mg g~ * for Congo red dye.**

Given the high temperature and high pressure in the hydro-
thermal synthesis of LDHSs, poly(vinylidene fluoride) (PVDF)
electrospun nanofibers were often selected as a growth template
with the advantages of flexibility, superior mechanical strength
and outstanding thermal stability.>* Although Sailaja et al. have
successfully grown LDH layered nanocrystals on the surface of
PVDF electrospun substrate acting as an anion conducting
membrane, its morphological tunability remains unclear.”
Here, we fabricated several forms of self-standing PVDF@LDH
composite fibers with LDH layered nanocrystals anchored on the
surface of PVDF nanofibers through different hydrothermal
treatment conditions. Synthesis conditions and metal salts are
the two key factors for the morphological control of final prod-
ucts in a hydrothermal urea hydrolysis system.*® Optimal
synthesis conditions, such as reaction time, reaction tempera-
ture, and proportion and concentration of the precursor solu-
tion, could be easily determined through some exploring
experiments. For the metal salt, the influence of metal cations
on the properties of LDHs has been widely investigated.*®
However, few studies focused on the anion species because most
researchers thought that the metal salt anions were mainly
involved in the late stage of the LDHs formation, and not the
main body structure of LDH layered nanocrystals.’®*” In the
present study, various anion species were used during the
growth of LDHs on the surface of electrospun nanofiber
membrane, and the anion species were found to play a key role
in the morphological control of PVDF@LDH composite nano-
fibers. Among these species, the uniform core/sheath structure
was obtained only when divalent and trivalent metal sulfates
were used as the reactants. These as-obtained PVDF@CoAIl-LDH
core/sheath fibers could be used in methyl orange removal. The
adsorption kinetics and isotherms results showed that this novel
adsorbent presented excellent adsorption property, and the
adsorption was driven by the interlayer anion exchange and the
external surface attraction. Benefiting from the hierarchical
porous structure and stable form of the film, the fibrous
membrane with high removal efficiency and excellent recycling
stability could be used directly in filtration.

Experimental

Materials and reagents

PVDF (M,: 53 000) was obtained from Sigma-Aldrich. Cobalt
sulfate heptahydrate (CoSO,-7H,0), cobalt nitrate hexahydrate
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(Co(NO3),-6H,0), magnesium nitrate hexahydrate (Mg(NO;),-
‘6H,0), magnesium chloride hexahydrate (MgCl,-6H,0),
cobalt chloride hexahydrate (CoCl,-6H,0), aluminum chloride
nonahydrate (AlCl;-9H,0), aluminum sulfate octadecahydrate
(Aly(SO,);-18H,0), and methyl orange (MO, 96% purity) were
purchased from Aladdin reagent. Magnesium sulfate heptahy-
drate (MgSO,-7H,0), aluminum nitrate nonahydrate
(Al(NO3)3-9H,0), urea, N,N-dimethyl (DMF),
acetone (ACE), and sodium sulfate (Na,SO,) were all supplied by
Sinopharm Chemical Reagent Co., Ltd., China. All the reagents
were used as received without further purification. Deionized
water was used in the experiments.

formamide

Preparation of PVDF electrospun nanofibers

PVDF was dissolved in binary mixed solvent of DMF/ACE with
volume ratio of 6 : 4 under magnetic stirring at room temper-
ature, and the transparent solution with PVDF concentration of
15 wt% was transferred into a plastic syringe for electro-
spinning. The solution was fed at a needle diameter of 0.7 mm
and constant speed of 0.5 mL h™', with an applied current
potential of 15 kV. The distance between the needle tip and the
collecting aluminum foil was 13 ¢cm, and the fibrous membrane
was peeled off and dried under vacuum at 130 °C for 5 h.
Morphology and structure of PVDF electrospun fibers could be
adjusted by varying the processing parameters,”® and the
optimal processing parameters described above were chosen
through exploring experiments that have been discussed
detailedly in ESI.}

Preparation of PVDF@LDH composite fibers

The PVDF fibrous membrane (3.0 x 3.0 cm®, ~6 mg) was pre-
treated by soaking in ethanol and immersing in a precursor
solution consisting of a certain amount of CoSO,-7H,0
(40 mmol L"), Al,(SO,);-18H,0 and urea, which was dissolved
in 50 mL of deionized water with carbon dioxide removed at
molar ratio of Co/Al = 2 and urea/[SO,>"] = 8. The membrane
was subsequently transferred into a 100 mL Teflon-lined
stainless steel autoclave that was sealed, heated, and kept at
105 °C for 12 h. After being cooled down to room temperature,
the obtained products were thoroughly washed with water,
dried at 60 °C for 2 h, and designated as PVDF@CoAI-LDH core/
sheath fibers. Other PVDF@LDH composite fibers were
synthesized in the same manner; for example, MgSO,-7H,0
and Al,(SO,);-18H,0 were the reactants used in MgAl-sulfate
system and were denoted as MgAI(SO,). In addition, the LDH
powder that remained in the reaction solution was also
collected through filtration and was vacuum freeze-dried for
characterization.

Characterization

X-ray diffraction (XRD) patterns of the samples were conducted
on a Rigaku D/max 2550 diffractometer (Shimadzu Corporation,
Kyoto, Japan) with Cu ke radiation (A = 0.1542 nm) under
a tension of 40 kV and a current of 30 mA. The morphology and
surface elementary composition were investigated by field
emission scanning electron microscopy and energy dispersive
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X-ray (FESEM-EDX) (Hitachi S-4800, Japan). Fourier transform
infrared spectrum (FT-IR) of LDH powder was recorded in the
range of 400-4000 cm ' on Vector 22 (Bruker, Germany).
Attenuated total reflectance infrared spectrum (ATR-IR) of PVDF
nanofibers and PVDF@COoAI-LDH core/sheath fibers was recor-
ded on Nicolet 6700 (Thermo Fisher Scientific LLC) in the same
range. N, adsorption-desorption isotherms were measured
with a Quantachrome Autosorb-1-c¢ system. The surface modi-
fication was investigated by X-ray photoelectron spectroscopy
(XPS). Thermogravimetric analysis (TGA) (Q50, TA Instruments,
USA) was used to analyze the content of LDHs on the composite
fibers. These samples were heated from 50 °C to 800 °C at a rate
of 10 °C min~' under a nitrogen atmosphere. Contact angles
(CAs) were measured by an optical CA measuring device (Harke-
SPCA, Peking Harke Experimental Instrument Factory, China).

Measurements of adsorption performance

Given its unique structure and wide application, MO was
selected as the typical anionic dye to determine the adsorption
properties of the as-obtained PVDF@CoAI-LDH core/sheath
fibers. The equilibrium adsorption experiments were per-
formed as follows: about 4 mg of PVDF@Co0AI-LDH core/sheath
fibers were immersed in 10 mL of MO aqueous solution with an
initial concentration ranging from 20 mg L™" to 500 mg L.
The oscillation treatment was conducted at 200 rpm and 30 °C
for 7 h followed by standing for about 3 days. The concentration
of MO that remained in the solution was analyzed by using
a Lambda 35 UV-vis adsorption spectrometer at a wavelength of
465 nm. MO concentration of 200 mg L' was used in the
adsorption kinetics experiment while other conditions were
kept similar to those in the equilibrium adsorption test. The pH
value of the MO solution in above experiments was kept at 7.0.
To explore the influence of pH on the adsorption performance,
the MO solution pH value was adjusted by using 0.1 mol L™*
HCl and 0.1 mol L™ " NaOH. The adsorbed amount of MO (Q, mg
g~ ") was calculated from eqn (1),

(Co—C)V
m

0= 1)
where C, and C; are the MO concentration (mg L") in the initial
and the treated solutions, respectively; V is the volume of the
solution (L); and m is the mass of PVDF@COoAI-LDH core/sheath
fibers (g).

Membrane filtration of the MO solution

The experiment was carried out in a homemade dead-end
filtration apparatus, where five pieces of PVDF@CoAl-LDH
core/sheath fibrous membrane with an effective diameter of
2.0 cm were used. The MO aqueous solution with a concentra-
tion of 10 mg L~ " was filtered through the membrane with the
height of the liquid column of 13.0 cm simply by gravity. Filtrate
was collected at a certain time interval to detect the concen-
tration of the remaining MO. The flux of the MO solution (F, L
m 2> h™') and the removal efficiency (R) can be calculated using
eqn (2) and (3), respectively,
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where AV represents the volume of filtrate (L) collected within
one time interval At (h), A is the effective membrane area (m?),
¢p and ¢¢ are the MO concentrations in the permeation and feed
solution (mg L") respectively.

In the regeneration and reuse processes, the spent
membrane was removed out and immersed in a high concen-
tration of Na,SO, solution (0.5 mol L', 50 mL) and then
oscillated at 200 rpm and 30 °C for 0.5 h to desorb MO anions.
Desorption was repeated three times, and the Na,SO, solution
was replaced with deionized water for another three times.
Afterwards, the membrane was ready for the next run.

Results and discussion
Effect of metal salt anions on LDH morphology

Taking MgAI-LDH as an example, three kinds of anions (NO;z ™,
Cl, S0,>7) were selected for the synthesis while the other
experimental conditions (salt molar concentration, reaction
time, and temperature) were kept constant. The as-obtained
PVDF@LDH composite fibers exhibit a distinct architecture
structure. When nitrate or chloride was used, well-defined
hexagonal LDH layered nanocrystals were sparsely anchored
on the surface of PVDF nanofibers or passed through them with
a residual large area of bare fiber surface (Fig. 1a and b).
However, when sulfate was used (Fig. 1c), the LDH layered
nanocrystals in a form of cluster were grown densely on the
surface of PVDF nanofibers, and hardly any bare fibers could be
observed. Thus, PVDF@MgAI-LDH core/sheath fibers with curly
LDH layered nanocrystals were obtained. When the metal
cations were changed to Co®>" and AI’", that is, the CoAl-LDH
system, similar phenomena were observed (Fig. 1d—f). In the
case of using NO;~, Cl™ as anions, CoAl-LDH layered nano-
crystals were distributed sparsely on the surface of the PVDF
nanofibers, whereas densely grown layered nanocrystals and
PVDF@CO0AI-LDH core/sheath fibers with well-defined hybrid
fiber structure were obtained in the sulfate system. This finding
further confirmed the importance of anion species on the
morphological control of PVDF@LDH composites. The
morphological time evolution of PVDF@LDH composite fibers
synthesized by using MgAl(SO,) and MgAI(NO;) was further
explored to analyze the influence of anions.

Time evolution of PVDF@LDH composite fibers with different
metal salt anions

Fig. 2 presents the morphological time evolution of PVDF@LDH
composite fibers with MgAI(SO,) and MgAI(NO;) as the reac-
tants, respectively. For sulfate (Fig. 2a-d), when the reaction
time (¢) was 3 h, some irregular blobs with a diameter of 100-
200 nm appeared densely on the surface of the PVDF fibers. The
EDX analysis of the intermediate products at 3 h as shown in
Table 1 exhibits that the Al/Mg ratio is about 42.5 for sulfate

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 FESEM pictures of PVDF@LDH composite fibers synthesized by different metal salts: (a) MgAI(NOs3); (b) MgAL(CL); (c) MgAL(SOy); (d)
CoAlINO3); (e) CoAL(C); (f) CoAl(SO,) with the total metal concentration = 60 mmol L™, reaction time = 12 h, temperature = 105 °C.

Fig.2 FESEM pictures of PVDF@LDH composite fibers synthesized by (a—d) MgAl(SO,4) and (e—h) MgAlINO3) with different reaction times: (a, e)

15h; (b, f)3h;(c,g)6h;(d h)24h

Table1 The EDX element composition analysis (at%) of the surface of
PVDF@LDH composite fibers synthesized by MgAlSO,) and
MgAI(NOs) with different reaction times

Element
Sample C F Mg Al (e} N S
MgAl(sO,) 1.5h 7411 22.85 0.03 0.00 1.90 0.93 0.18
3h 59.52  26.25 0.06 2.55 7.69 3.05 0.48
MgAI(NO;) 1.5h 69.02 2720 0.13 0.13 1.86 1.68 0.00
3h 61.34 29.58 0.18 1.38 3.68 3.83 0.00

This journal is © The Royal Society of Chemistry 2017

system. Based on current findings and previous reports,* these
blobs should be amorphous colloidal aluminum-rich hydroxide
as the nucleus. When the reaction time increased, LDH crystals
grew, and clusters of LDH layered nanocrystals were formed,
which gradually covered the fiber surface.

For the nitrate system (Fig. 2e-h), the small aluminum-rich
hydroxide intermediate product (the Al/Mg ratio is about 7.67)
that appeared on the surface was an irregular particle att =3 h
and smaller than that in the sulfate system at the same reaction
time. Only a few LDH layered nanocrystals were observed on the
fiber surface at ¢t = 6 h. With the reaction time increased further,
well-defined hexagonal LDH layered nanocrystals with the
length of ~1 um and the thickness of ~100 nm were anchored

RSC Adv., 2017, 7, 46576-46588 | 46579
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or passed through the PVDF fibers. The Al/Mg ratio at ¢ = 3 h for
both sulfate and nitrate systems is larger than the stoichio-
metric ratio of Al/Mg in the initial reaction solution, i.e. 1: 2,
indicating that both the nuclei are authentically amorphous
colloidal aluminum-rich hydroxide though the size of the
nucleus for the sulfate system is larger than that in the nitrate
system.

The LDH powder in the solution at different reaction times
was also collected and characterized (Fig. 3). Similar to those on
the surface of PVDF nanofibers, relatively large aluminum-rich
hydroxide particles were observed in the sulfate system at ¢ =
3 h, and curly and thin LDH layered nanocrystals were devel-
oped at t = 12 h. However, in the nitrate system, small
aluminum-rich hydroxide particles were generated at ¢ = 3 h,
and thick and well-defined hexagonal LDH layered nanocrystals
were grown. These results revealed that the growth of LDH
layered nanocrystals shared the same evolution mechanism and
process on the PVDF nanofiber surface and in the solution,
implying that the effect of anion species on the LDH
morphology was not induced by the surface character of PVDF
fibers.

The total LDH amount obtained (including the LDHs both in
the solution and on the surface of nanofibers) was almost
similar within the same reaction time for the sulfate and nitrate
systems. This finding indicates that the anion species of metal
salts may affect the LDH morphology but not the reaction yield.

Growth mechanism of LDHs with various metal salt anions

The nucleation and growth of LDH crystals in the solution are
identical to those on the PVDF nanofiber surface because the

View Article Online
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interaction between LDHs and PVDF is weak, which has been
explained further in ESL{ The LDH morphology distinction
between sulfate and nitrate systems seems to originate from the
different crystal nucleus. A small crystal nucleus and large and
thick LDH layered nanocrystals were developed for the nitrate
system, whereas a large nucleus and relatively small and thin
LDH layered nanocrystals were formed for the sulfate system.

The Stokes radius (rs) and hydration radius (ry,) of the several
anions are shown in Table 2. Although the r; of monovalent
anions (NO; 7, and CI7) is smaller than that of divalent anions
(S0,>~, CO;>7), their r, has a slight difference. Only NO;~ and
S0,>~ were considered in this study. Under the same 7y, a high
charge number of anion will lead to high polarizability, that is,
the polarizability of SO,>~ is larger than that of NO;~, indicating
a relatively strong electrostatic bonding strength for $0,>~ as
the interlayer species, whereas a weak electrostatic bonding
strength for NO;~ as the interlayer species within the LDH
layered nanocrystals.

The metal salt used in LDH synthetic system is a strong
electrolyte that dissociates completely. However, when the salt
concentration is high, its degree of dissociation could not reach
100% due to the atmosphere of each ion with different charges.
Some cations and anions would form an ion pair, which might

Table 2 rs and ry, of several anions

Anions NO;~ cl™ S0,2~ CO;%~
1 (nm) 0.129 0.121 0.230 0.266
7y (nm) 0.335 0.332 0.379 0.394

Fig. 3 FESEM pictures of LDH powder synthesized by (a and b) MgAl(SO,4) and (c and d) MgAl(NO3) with different reaction times: (a, c) 3 h; (b, d)

12 h.
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influence the activity of ions in a solution, and even reduce the
ability of ion function in a chemical reaction. Thus, the effective
concentration, i.e., activity (y), of ions in chemical reaction, is
lower than the apparent concentration. The ion strength (1)
must be considered in measuring the interaction between
positive and negative ions. High concentration and high charge
could lead to large I, strong restraint to each other and then
small vy. If I > 10~ mol L%, then the restraint between ions

Nucleation
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would be strong and cannot be neglected. In this study, the
initial concentrations (c) of divalent and trivalent metal salts are
40 and 20 mmol L', respectively. After calculation, I is
0.12 mol L™ for Mg(NO,), and 0.12 mol L * for Al(NO;); in the
nitrate system, whereas I is 0.16 mol L™ for MgSO, and
0.15 mol L™" for Al,(SO,); in the sulfate system. All these values
are higher than the critical I of 10 * mol L™". In this case, the
activity of the salt must be considered. I of the sulfate is higher

Growth

® Mg»* @ AP @ NOy @ SO <@ > [AI(OH)*

PVDF nanofibers

Scheme 1 Schematic illustration of the growth mechanism of LDHs on PVDF nanofiber surface in nitrate and sulfate system respectively.

Fig. 4 FESEM images of (a) PVDF nanofibers; (b, c) PVDF@QCoAI-LDH core/sheath fibers at different magnifications; (d) PYDF@CoAl-LDH core/
sheath fibers in the transverse direction of fibrous membrane. The insets in (a) and (b) are optical images of PVDF nanofibers and PVDF@CoAl-

LDH core/sheath fibers, respectively.

This journal is © The Royal Society of Chemistry 2017
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than that of nitrate in the present case, implying <Ynitrate >
Ysulfate- This finding indicates that the degree of dissociation of
a sulfate in an aqueous solution is lower than that of a nitrate,
that is, more effective ions exist in an aqueous solution of
a nitrate system under the same molar concentration.

Then, the role of anions in forming LDH layered nano-
crystals in a solution could be figured out. At a certain
temperature, urea began to hydrolyze. The produced OH ™ ions
immediately reacted with AI** to induce the anion coordination
octahedrons (formulated as [A(OH)q]*~ in this study) because
the precipitation pH of AI’" was lower than that of Mg**.>®
[Al(OH)s]*~ subsequently reacted with AI**, Mg?*, and anions to
generate primary crystal nuclei. During coprecipitation, both
homogeneous nucleation and growth processes compete to
reduce the supersaturation of the solutes, and consequent LDH
crystal sizes are dependent on the nucleation rates and their
growth rates.”” As mentioned above, given that vpitrate > Ysulfate
at the same initial molar concentration, a high activity could
facilitate homogeneous nucleation and thus generate addi-
tional small nuclei. On the contrary, the growth rate of
a primary crystal nucleus is dictated by the balance fluxes of
ionic species between the attachment to and detachment from
the primary nucleus surface.*® Under high temperature and
high pressure, the former is dominant, whereas the latter is
solely influenced by the bonding strength. The electrostatic
bonding strength of NO;~ is weaker than SO,>”, leading to
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higher fluxes of NO;  detaching from the nucleus surface.
Therefore, the primary nuclei in the nitrate system have diffi-
culty growing into large sizes despite of their large quantity.
According to the classical nucleation and growth theory, after
the spontaneous formation of nuclei, only those nuclei with
sizes larger than a critical radius can grow up by the
consumption of solutes followed by coarsening.** Thus,
although numerous crystal nuclei existed in a nitrate system,
large nuclei which only account for a tiny proportion could
continue to grow up. Subsequently, large and thick LDH layered
nanocrystals were developed due to the lack of steric hindrance.
In contrast, the crystal nuclei in the sulfate system are large and
almost all of them could grow up synchronously. The growth of
LDH layered nanocrystals would restrict mutually due to the
serious steric hindrance, and dense, relatively small and thin
LDH layered nanocrystals were developed ultimately.

Due to the weak interaction between LDHs and PVDF
nanofiber surface, the nucleation and growth of LDH crystals on
the nanofiber surface are identical to those in the solution. A
great deal of small nuclei were formed on the surface of the
PVDF nanofibers at the earlier stage and then only a small
proportion with large size was allowed to grow up to well-
defined hexagonal LDH layered nanocrystals with a large
thickness in the nitrate system as shown in Scheme 1. However,
in the sulfate system, large crystal nuclei were generated on the
PVDF nanofiber surface first and then most of them could grow
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up to thin and curly LDH layered nanocrystals owing to steric
hindrance.

Structure of PVDF@COoAI-LDH core/sheath fibers

Given the application in dye removal, the PVDF@CoAl-LDH
core/sheath fibers obtained from the sulfate system were
selected as the research object and further characterized in
detail. The FESEM image of the electrospun PVDF fibrous
membrane exhibits a smooth surface with no beads and fiber
diameter of about 200-400 nm (Fig. 4a). The PVDF membranes
were flexible enough to be cut into appropriate sizes (the inset
in Fig. 4a), and kept well even under high temperature and high
pressure due to their intrinsic properties, i.e. excellent heat
resistance and mechanical properties.> The thickness of the
membrane used in this experiment was about 50-60 pm. Fig. 4b
presented the morphology of PVDF@COoAI-LDH core/sheath
fibers at a high magnification, through which a lot of curled
crystals with an average size of 1-2 um can be clearly discerned.
While at a low magnification (Fig. 4c), the as-obtained
membrane shows a uniform and hierarchical structure varied
from nano- to microscales. Fig. 4d shows the FESEM image of
the PVDF@Co0AI-LDH core/sheath fibers in the middle region of
the transverse direction of the fibrous membrane. Numerous
curly LDH layered nanocrystals grew tightly on the surface of the
PVDF nanofibers, which confirmed that the growth of LDHs
took place not only in the outside surface, but also in the inner
region of the fibrous membrane. After the hydrothermal treat-
ment, the fibrous membrane became pink from white as shown
in the inset of Fig. 4b, and was still kept with enough flexibility
and mechanical strength.

Table 3 Surface elemental properties of LDH powder, PVDF nano-
fibers and PVDF@CoALI-LDH core/sheath fibers

LDHs PVDF/CoAl-LDH PVDF
Co 2p AL2p Co2p Al2p F1s F1s
Peak BE (eV)  781.5 74.1 781.76  73.86  688.01 688.00
Atomic (%) 12.66 6.02 14.39 7.43 1.23 52.38
25 10— a
20t
§m L\N
15 4 Mo
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The typical XRD patterns of the LDH powder, PVDF nano-
fibers and PVDF@CoAI-LDH core/sheath fibers are shown in
Fig. 5a. For pristine PVDF nanofibers, the strong diffraction
peak at about 20.5° is characteristic of the B-type crystal struc-
ture.* The peaks of LDHs at 26 values of 8.3° (1.078 nm), 16.3°
(0.544 nm), 24.6° (0.362 nm), and 60.8° (0.152 nm) can be
indexed to (003), (006), (009), and (110) crystalline planes,
respectively. The d-spacing of plane (003) is 1.078 nm, which is
consistent with the interplanar distance of LDH crystals with
the interlayer anions of SO,>~, but the weak peak at 11.6°
presents the existence of a small amount of CO;>~ coming from
the urea hydrolysis.* Moreover, all characteristic peaks of PVDF
and LDHs can be observed in the XRD pattern of PVDF@CoAI-
LDH core/sheath fibers, revealing the successful growth of
LDHs on the surface of PVDF nanofibers. The results can also be
supported by FT-IR spectra of these samples as shown in
Fig. 5b. The peaks at 1400 cm ™' (deformation vibration of ~CH,)
and 1178 cm ™' (stretching vibration of ~CF,) are considered as
the characteristic peaks of PVDF.** The broad peak centered at
3450 cm ' is ascribed to the O-H stretching vibration of
interlayer water molecules and hydroxyl groups which exist in
the LDH crystals.*

Compared with PVDF nanofibers, the F signal strength of
PVDF@COoAI-LDH core/sheath fibers was reduced significantly
due to only 2-5 nm probing depth of the XPS technique (Fig. 5¢),
implying that the surface of PVDF nanofibers was nearly fully
covered by LDH layered nanocrystals. The Co/Al atomic ratio
(1.94) of the LDH crystals grown on the surface of PVDF

Table 4 Textural parameters of PVDF nanofibers and PVDF@COoAL-
LDH core/sheath fibers

Samples

PVDF@CoAI-LDH

Parameters PVDF nanofibers  core/sheath fibers
Specific surface area (m* g~ ") 5.72 12.14
Average pore diameter (nm) 26.86 31.80
Pore volume (cm® g™ ") 0.0384 0.0983
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Fig. 6 Nitrogen adsorption—desorption isotherms of (a) PYDF nanofibers and (b) PVDF@CoAIl-LDH core/sheath fibers. The insets in (a) and (b)

are the pore size distribution of the two samples.
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nanofibers is roughly equal to that (2.10) grown in the solution,
both of them are similar to the stoichiometry ratio (2.0)
(Table 3).

TGA tests were performed to further analyze the content of
LDHs on the composite fibers. As shown in Fig. 5d, the
decomposition temperature of PVDF nanofibers is in the range
of 430-510 °C with a weight loss of 65%. Three steps occurred
during the calcination process of LDH powder with a total
weight loss of 33.2%, respectively corresponding to the removal
of physically adsorbed water and interlayer water, the elimina-
tion of interlayer anions and the dehydroxylation of LDH
layers.** According to the thermal curve of PVDF@CoAl-LDH
core/sheath fibers, the composition percentage of LDHs was
calculated to be about 42%, revealing a high mass loading of
LDHs on the composite fibers, which is expected to be benefi-
cial to a better MO adsorption performance.

Pore size of the as-obtained membranes was also investi-
gated in this study. The nitrogen adsorption-desorption
isotherms and the corresponding pore size distribution curves
for PVDF nanofibers and PVDF@CoAI-LDH core/sheath fibers
are displayed in Fig. 6. Both samples exhibit the typical
isotherms of type IV with H;-type hysteresis loops, which are
often attributed to the aggregates of plate-like particles giving
rise to slit-shaped pores.** The curves of pore size distribution
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indicate that the samples mainly consist of meso- and macro-
pores, the latter of which can be further confirmed by the
FESEM image in Fig. 4c. From the corresponding textural
parameters presented in Table 4, PVDF@Co0AI-LDH core/sheath
fibers show a double increase of the specific surface area and
a triple increase of the pore volume compared with the PVDF
nanofibers, which may offer more active adsorption sites and
improve the adsorption capacity of MO dye.

Adsorption performance for MO

Given their increased specific surface area and pore volume,
PVDF@COoAI-LDH core/sheath fibers offer much more active
adsorption sites and can improve the adsorption capacity of MO
dye. The adsorption kinetics for MO are shown in Fig. 7a, in
which the MO adsorption capacity increased rapidly in the first

Table5 Kinetic parameters in the MO adsorption by PVDF@CoAl-LDH
core/sheath fibers

Pseudo-first-order model Pseudo-second-order model

ge (mgg™ 248.60 ge (mgg™) 273.76
K; (x107° min™" 31.30 K, (x107* g mg~ ! min™") 0.17
R 0916 R 0.986
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Fig.7 (a) MO uptake by PVDF@CoAI-LDH core/sheath fibers as a function of time at initial MO concentration of 200 mg L™, the experimental
data were fitted with pseudo-first-order and pseudo-second-order model; (b) adsorption isotherm of MO dye and the curve was fitted with
Langmuir and Freundlich models; (c) XRD patterns of PVDF@CoAl-LDH core/sheath fibers before and after MO adsorption; (d) MO adsorption

property of PVDF@CoALl-LDH core/sheath fibers at different pH.
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50 min, and then slowed down with time. When the contact
time reached 400 min, the MO adsorption capacity increased to
263 mg g~ '. Equilibrium was not reached within the studied
time, and the adsorption might continue at a slow speed after
stopping the oscillation. Both pseudo-first-order and pseudo-
second-order models were applied to describe the adsorption
of MO dye on PVDF@COoAI-LDH core/sheath fibers. The calcu-
lated model parameters and linearization coefficients (R*) are

Table 6 Langmuir and Freundlich isotherms fitting parameters in the
MO adsorption by PVDF@CoAl-LDH core/sheath fibers

Langmuir isotherm Freundlich isotherm

Om 621.17 Kr 89.193
Ky 0.0349 1/n 0.34835
R* 0.98955 R? 0.95365

-
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tabulated in Table 5. The experimental data were fitted well with
the pseudo-second-order model, implying the chemical
adsorption characteristics.

The MO adsorption capability increased remarkably and
then slightly with the MO concentration (Fig. 7b). The experi-
mental data were fitted well with the two important isotherm
models (Langmuir and Freundlich); the calculated model
parameters and R” are given in Table 6. R* is 0.989 and 0.954 for
Langmuir and Freundlich isotherm models respectively, indi-
cating the dominance of the single layer adsorption mechanism
of the system. The saturated adsorption capacity for MO is
621.17 mg g, which is higher than that for other previously
reported fibrous adsorbents, such as polyaniline (skin)/
polyamide 6 (core) composite fibers (58.7 mg g~ '), hollow
Ce0,/Al,0; fibers (104 mg g '), and zwitterionic poly-
acrylonitrile fibers with hyperbranched polyethylenimine
(194 mg g~ 1).%¢

Fig. 8 Optical images of water contact angle on the surface of (a) PVDF nanofibers; (b) PYDF@CoAI-LDH core/sheath fibers.
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XRD patterns of the PVDF@CoAI-LDH core/sheath fibers
before and after MO adsorption were recorded to analyze the
change of the LDH interlayer anions (Fig. 7c). The interplanar
distance of LDHs increases from 1.099 nm to 2.552 nm after MO
adsorption, which was ascribed to the intercalated MO anions.*®
This finding meant that anion exchange existed between the
interlayer anions and MO anions during adsorption process.
Meanwhile the adsorption also could occur on the external
surface of LDHs through the electrostatic attraction and
hydrogen bonds, because it exhibited positive charge and con-
tained a lot of hydroxyl groups." Thus the adsorption was both
driven by the interlayer anion exchange and the external surface
attraction. This conclusion can be further confirmed by
studying the effect of pH on adsorption performance. As shown
in Fig. 7d, the adsorption of MO kept at a high level with the pH
value ranging from 4 to 10. When pH was further increased to
12, the adsorbed amount decreased precipitously to 58.55 mg
g~ '. In a strong alkaline condition, the surface positive charge
was reduced significantly by the adsorption of hydroxyl ions and
the deprotonation of surface hydroxyl groups, which weakened
the electrostatic interaction between the PVDF@COoAI-LDH
core/sheath fibers and MO anions.

Membrane filtration of MO solution and regeneration

Hydrophilicity is important for membrane filtration of aqueous
solution, which can be reflected directly by a water CA. As pre-
sented in Fig. 8, the CA of PVDF nanofibers was 123° due to the
intrinsic hydrophobic property of PVDF. While the CA of
PVDF@COoAI-LDH core/sheath fibers was time-dependent and
the water droplet could completely spread out and infiltrate
along the membrane surface in a minute. The enhanced
hydrophilicity was attributed to large amounts of hydroxyl on
LDH surface, being beneficial for the membrane filtration
properties.

When the dye solution passed through the membrane, the
MO anions could be captured by the LDHs through electrostatic
interaction and thus the polluted water was purified. Compared
with static adsorption, filtration is fast and easy to be indus-
trialized. The filtration apparatus and related experimental
parameters are presented in Fig. 9a. The MO removal efficiency
and solution flux along with the filtrate volume in different
regeneration times are shown in Fig. 9b and c, respectively. The
MO removal rates were all kept above 93% in the first 20 mL of
filtrate with nearly pure water attained, therefore exhibiting its
high adsorption efficiency and excellent cycling stability. The
flux became larger with the regeneration times increasing,
which reached up to about 140 L (m* h)™" in the third recycle
runs. This phenomenon might be caused by the loss of LDH
powder deposited on the PVDF@COoAI-LDH core/sheath fibers
during desorption, which rendered the diffusion channels
accessible.

Conclusion

In summary, the morphology and loading amount of LDHs on
PVDF fiber surface can be easily adjusted by varying the metal
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salt anions. In the nitrate system, small crystal nuclei could be
formed on the surface of the PVDF nanofibers first and then
only a small proportion with large sizes grew up to well-defined
hexagonal LDH layered nanocrystals with large thicknesses.
However, in the sulfate system, large crystal nuclei were
generated first and most of them could grow up to thin and
curly LDH layered nanocrystals owing to the serious steric
hindrance. Therefore,  well-defined PVDF@CoAI-LDH
composite fibers with hierarchical structure and uniform
core/sheath morphology could only be obtained in the sulfate
system, which could act as an excellent adsorbent for treating
dye (such as MO) solution. The adsorption of MO for the as-
obtained PVDF@CoAI-LDH core/sheath fibers is driven by the
interlayer anion exchange and the external surface attraction.
Meanwhile, the adsorption isotherm followed the single layer
adsorption mechanism with the maximum adsorption capacity
of 621.17 mg g '. PVDF@COoAI-LDH core/sheath fibers also
exhibit excellent adsorption performance and cycling stability
when used as filtration membrane, and the MO removal rate of
the membrane was still kept above 93% with the maximum flux
of 140 L (m> h)™" despite three regeneration times. Therefore,
the core/sheath composite fibers show high promise as adsor-
bent for the removal of MO due to their facile preparation, high
efficiency, easy retrievability and cycling stability.
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