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Abstract  Flexible y-Al,O; nanofibrous membranes were prepared by sol-gel combined electrospinning technique
using aluminum chloride and aluminum isopropoxide as raw materials, water and ethanol as the solvents. The
morphology and mechanical property of the membranes were characterized and the formation process was tracked. The
membranes were composed of uniform nanofibers with a mean diameter of ca.188 nm. The fibers’ surfaces were
smooth and the fibers were composed of nanoparticles with a size range of 15—30 nm. The prepared membranes
exhibited excellent flexibility and tensile strength( 1. 01 MPa).

Keywords  Al,O,; Fibrous membrane; Mechanical property; Electrospinning

As an important structural functional material, alumina has attracted great interest due to its high-melting

point, low thermal conductivity, excellent thermo-stability, corrosion resistance, and chemical inertness to

2] Alumina fiber products have wide applications in

[4] [5]

oxidizing and reducing atmospheres at high temperature

multiple areas, including high temperature insulation"®’ | filtration'*’ | adsorption'®’ | catalysts, and enhance-

ment components for ceramics, metals and polymers. Normally, the fibers are brittle with a diameter in micron
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scale and a length of several centimeters. In order to be more conveniently applied, the fibers are often made
into two-dimensional objects such as fiber felt or blankets through post processing. However, the properties of
the objects often suffer from the large diameters of the fibers, as well as the small surface area and large pore
size.

Electrospinning is a remarkably simple and versatile technique that has been successfully used to prepare
fibers of a broad range of organic polymers or inorganic ceramic oxides with a fiber diameter from tens of
nanometers to hundreds of nanometers. Two-dimensional fiber mats such as nanowebs'® and thin fibrous

7] can be directly obtained by this method"® . Electrospun fibrous membranes possess remarkable

[6,7]

membranes

specific surface area, high porosity, an interconnected open pore structure, and high permeability and

have attracted much attention in sensor and separation fields. Many researchers prepared various kinds of

[9] [10]

membranes, including fluorinated polyurethane composite membranes'”™ and polyacrylonitrile membranes

However, the low thermal stability of the polymers prevents them from being used in high-temperature areas'’’.

Considering inorganic membranes’ high-temperature thermal stability, researchers have made considerable
efforts to prepare inorganic membranes, such as Si0,'”', Ti0,'""" | and Si0,-TiO, composite membranes''*'.
But their low strength and the high brittleness hinder their applications, and the preparation of flexible
inorganic fibers mats with high strength still presents great challenges.

Generally, alumina fibers are brittle. According to previous reports, the mechanical properties of the

[13 [14]

alumina fibrous membrane depend on the fibers’ diameter ' | density

[15]

, the size of grains forming the
fibers'®" and the fibers’ geometric arrangement'”’. For example, more inter-fibrous fusions and higher
crystallinity lead to a higher stiffness of membrane''®'. The fibers’ flexibility can be promoted by decreasing
their diameter and the size of the particles composing the fibers'"*’. Therefore, it is very important to control
the size of the particles, diameter, density, as well as the arrangement of the fibers in the membranes. In this
study, y-Al,O, fibrous membranes composed of independent interlaced thin fibers, which were composed of
fine grains, were prepared via the electrospinning method. The prepared y-Al,O, fibrous membranes exhibited

excellent flexibility and high tensile strength.

1 Experimental

1.1 Materials

Aluminium isopropoxide ( AIP , industrial grade, Jinan Taihua Chemical Industry Co., Ltd.) ; hydrochlo-
ric acid (HCI, A.R., 36%—38%, Laiyang Economic and Technological Development Zone Fine Chemical
Factory) ; tartaric acid (C,H,O,, A. R.), aluminum chloride ( AICl, - H,0, A. R.), polyvinylpyrrolidone
(PVP-K90, M =1.3x10°) and absolute ethyl alcohol( C,H;OH, A.R.) ( Sinopharm Chemical Reagent Co.,
Ltd.). All the chemicals were used as received without further purification. The water used was deionized water
with a resistance of 18.2 MQ).
1.2 Preparation of Precursor Sol

In this experiment, 1.207 g of AICl; - 6H,0 was dissolved in 3.7 mL of water, followed by orderly
additions of 2.553 g of AIP, 5 mL of ethyl alcohol, 0. 143 g of tartaric acid and 1.7 mL of hydrochloric acid at
room temperature with continuous magnetic stirring for 8 h. Then, 1.4% PVP (mass fraction) was added with
vigorous stirring until the transparent spinnable precursor sol was formed.
1.3 Electrospinning of Membranes

The sol was transferred into a 10 mL syringe equipped with a metal spinneret which connected with a
high-voltage generator. The gel fibrous membranes were spun at 20 kV, and the distance between the tip and
metal grid collector was 20 ¢cm. The feeding rate of the precursor solution was 1. 9 mL/h. The membranes were

spun at constant temperature (20 “C) and relative humidity ( 10% ).
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The obtained gel fibrous membranes were dried at 70 °C for 48 h to form xerogel fibrous membranes at
first, and then calcined in air from room temperature to 600 °C with a rate of 2 °C/min and kept at 600 °C for
1.5 h, followed by being calcined to 800 °C with a rate of 10 °C/min and kept at 800 °C for 1.5 h to obtain
v-Al, O, nanofibrous membranes. As a comparation, the nanofibrous membranes being calcined to 700 °C with
the same calcination process were prepared.

1.4 Characterization

Thermal behaviors of the fibrous membranes were studied by thermal gravimetric (TG ) and differential
scanning calorimetric ( DSC) analyses ( Mettler Toledo, TGA/SDTA851e) in air with a heating rate of
10 °C/min from room temperature to 900 °C. X-ray diffraction( XRD) patterns of the samples were characte-
rized on a Rigaku D/Max 2200PC diffractometer with a Cu K« radiation (A =0. 15418 nm) and a graphite
monochromator. FTIR spectra of the samples were recorded on a Nicolet 5SDX-FTIR spectrometer using the KBr
pellet method in the range of 400—4000 c¢cm™'. The morphology and microstructure of the samples were
characterized using a scanning electron microscope ( SEM, Hitachi S4800). The mechanical properties of the
membranes were characterized by a tensile tester( XG-1A). Each membrane was cut into strips, which had a
width of 1.5 mm and a length of 1.5 ¢m. Then long membrane strips were sandwiched vertically on the tensile

tester, and stretched in the length direction with a stretching velocity of 1 mm/min.

2 Results and Discussion

In this experiment, AICl, - 6H,0 and AIP were used as the aluminum source. Water was added as the
solvent. Ethyl alcohol was used as an assistant solvent to accelerate solvent volatilization during the electrospin-
ning process and benefit the fibers’ drying and rapid gelation. After dissolution in water, AICl, - 6H,0 was in
the form of [ AI(H,0),]°". Tartaric acid was added as a spinning additive to react with AI( Ill) to form car-
boxylic acid aluminum, which further formed intermolecular bonds and a complex carboxyl aluminum network.
The formation of carboxyl aluminum network increased the viscosity of the sol and improved its spinnability.
Concentrated hydrochloric acid was added to adjust the pH value of the solution to 2 and promote the hydroly-

7181 The colloidal particles were

sis of aluminum isopropoxide into amorphous AIO(OH) colloidal particles'
positively charged according to the zeta potential analyzer test. TEM image of colloidal particles( Fig.1) shows
that the size of the colloidal particles was about 5 nm, and the small size resulted in obtaining fibers composed
of small grains. PVP was used as the spinning additive to improve the spinnability of the precursor. Spherical
colloidal particles was uniformly dispersed and stable in '
the sol due to the addition of PVP. Also, the sol was
more easily stretched into one-dimensional fibers by the
electric force due to the linear structure of PVP. The

sol was suitable for forming fibrous membranes in the

viscosity range from 0. 058 to 0.065 Pa - s, and the

viscosity of sol could be controlled by adjusting the
amount of PVP. Fig.1 TEM image of the colloidal particles

The proportion of aluminum chloride and aluminum isopropoxide, and the added amount of PVP have
significant effects on the morphology of the final products with this method. Products in membrane form could
be obtained when the molar ratio of aluminum chloride and aluminum isopropoxide was in the range from
1:2.5t0 1:0.67. The gel fibrous membrane was complete and uniform as shown in Fig.2(A), and there
were no holes, cracks or other obvious defects in the membrane. Fig.2 ( B) shows that the gel fibrous
membranes are composed of overlapped fibers, and the thickness of the fibrous membranes was homogeneous.

No obvious defects could be observed by an optical microscope. The molar ratio of aluminum chloride to
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aluminum isopropoxide significantly affects the spinablility of the sol. The products obtained via this method
were not in membranous form but in cotton-shaped form when the molar ratio of aluminum chloride to alumi-
num isopropoxide was less than 1:2.5. When the molar ratio of aluminum chloride to aluminum isopropoxide
was greater than 1:0. 67, the sol did not have spinnability. Different proportions of aluminum sources resulted
in various contents of colloidal particles and ions in the sol, as well as various electrical conductivities. Fibers
have different modes of motion in high voltage electrostatic fields, what inevitably lead to products of various
morphologies. The membrane could be formed when the added amount of PVP was in the range from 1.2% to
1.8% (mass fraction) of the solution. When the
PVP amount was smaller than 1.2% ( mass frac-
tion) , the viscosity of the sol was so small that
the sol had no spinnability. Conversely, when
excessive PVP of more than 1.8% ( mass frac-

tion) was added, a cotton-shaped product was

easily obtained. When the PVP amount was in
the range from 1. 4% to 1. 6% ( mass fraction), Fig.2 Optical image(A) and optical microscope image(B) of
the fibrous membrane prepared via this method gel fibrous membrane

was uniform and had a large surface area.

TG-DSC curves of the fibrous membrane are shown in Fig. 3(A). It can be seen from the TG curve that
there were two substantial mass losses from room temperature to 600 °C with a total loss of ca. 61.77%. The
first mass loss below 350 °C was attributed to the decomposition of tartaric acid''’ and departure of water,
19.20] " The mass loss from 350 to 600 °C was atiributed to the decomposition of PVP.

ethanol and isopropanol’

There were two obvious exothermic peaks in DSC curve. The first peak at 395 °C was due to the decomposition
of PVP. The second one at 880 °C was due to the formation of the y-Al,0, phase'*"".
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Fig.3 TG-DSC curves of the gel fibrous membrane( A) , XRD patterns(B) and IR spectra(C) of
different membranes

XRD analysis was used to confirm the structure of the membranes. The fibrous membranes were calcined
at 600 and 800 °C to remove solvents and organics and form y-Al,O; membranes. Fig.3(B) shows that the
membranes without calcination and calcined at 600 °C were both amorphous. After being calcined at 800 “C for
1.5 h, obvious reflections of y-Al,0,(JCPDS No. 50-0741) (220), (311), (222), (400), (511) and
(440) indicated that high-crystallinity y-Al,O, fibrous membranes were formed. The wide shape of the
diffraction peaks indicated that the fibers had a smaller crystalline size. That y-Al,O, formed at 800 °C but not
880 °C as the DSC curve showed was due to the slower heating rate of the actual calcination than that of the
DSC test. On the other hand, in the phase transition process from amorphous alumina to y-Al,0O,, the
rearrangement and ordering of atoms were relatively slow.

Fig.3(C) shows the IR spectra of the gel fibrous membranes and those calcined at different temperatures

for 1.5 h. The broad bands around 3420 ¢cm™ indicated the stretching vibration of hydroxyls in water, ethanol
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and tartaric acid. The absorptions around 1644 cm™' was attributed to the bending vibration of hydroxyls and

2:2) " and those around 630, 690 and 820 cm™' were assigned to the vibration

the vibration of carbonyl in PVP'
of AlO, and AlO,, respectively. The absorptions from 900 to 1200 e¢m™' were due to the vibration of
Al—OH'?'. The shoulder peak at 2970 em™", and the peaks observed from 1200 to 1500 ¢cm™" were attributed

21) When the fibrous membrane was calcined at 300 °C , the absorptions

to the characteristic vibrations of PVP
around 3420 and 1644 cm™' obviously decreased, confirming the removal of water, ethanol and tartaric acid.
After calcinations at 600 °C , the characteristic peaks of PVP almost disappeared due to the decomposition of
the polymer.

The as-prepared membranes had excellent flexibility. The membranes shrank when they were dried and
calcined at different temperatures. The membranes were cut into rectangles to study the shrinkage of the mem-
branes during the calcination process. The side length shrinking percentage of the membranes dried at 70 °C ,
and calcined at 300, 600 and 800 °C were 11.1%, 35.6%, 37.1% and 41. 8% respectively. The shrinkage
mainly occurred before 300 °C, and was caused by the departure of ethanol, water and organics. Although
PVP decomposed from 300 to 600 °C, due to the small addition amount of PVP , the shrinkage of the fibrous
membranes was not obvious. From 600 to 800 °C , the fibrous membranes had a slight shrinkage, which was
attributed to the disordered Al and O atoms in fibers tending to build up a long-range order structure during the
process of gamma phase transition from amorphous alumina. The membranous form and the flexibility of the
membranes were retained during the calcination process.

The flexibility of the nanofibrous membranes could be qualitatively and intuitively demonstrated by
bending the membranes around a pencil [ Fig.4( A) ]. Fig.4(B) shows that the membranes after twining round
a pencil could recover their original shape, without any cracks appearing during the process. This excellent

flexibility can further expand the application field of inorganic fibrous membranes.
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Fig.4 Optical images of the y-Al, O, fibrous membranes

(A) Bending around a pencil; (B) after twining around the pencil.

Fig.5 presents the representative SEM images and corresponding fiber diameter distribution of the y-Al, 0O,
membranes. Fig.5( A) indicates that the membranes were complete and uniform, the fibers’ orientation was
random, and there were no defects such as cracks or big holes in the membranes. Membranes without defects
are inclined to have higher strength. There were almost no broken fibers in Fig.5(A), which qualitatively
demonstrates that the fibrous membranes have good strength and would not be easily damaged in actual use.
Fig.5(B) presents the membrane’ s cross section, and the thickness was about 25 wm. With the prolongation
of electrospinning time, the membrane gradually thickened. The fibrous membranes prepared via this method
presented a uniform and fine fiber diameter [ Fig. 5 (C) ]. The fibers composing the membranes were
independent, without inter-fibrous junctions, which gives the membranes excellent flexibility''®. Fig.5(D)
indicates that the fibers’ surface was smooth, and there were no apparent pores in the fibers. The fracture
surface of the fibers revealed that the fibers were composed of nanoparticles ranging from 15 to 30 nm
[ Fig.5(E) ]. The small size of the grain is good for high fiber strength and indirectly improves the strength of

[24]

the fibrous membranes **’. The membranes had a narrow diameter distribution with most fibers’ diameter
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distributed in the range from 140 nm to 240 nm. The mean diameter was about 188 nm[ Fig.5(F) ].

Distribution(%)

0 oI
120 160 200 240 28

Diameterfm

Fig.5 SEM images of y-Al,O, fibrous membranes(A—E) and the diameter distribution of the membrane(F)

(A),(C) Surface of the membrane; (B) cross section of the membrane; (D) single fiber’s surface of the membrane ;
(E) fracture section of a fiber of the membrane.
The tensile strength of the membranes was studied by a tensile tester. The membranes were cut into strips
(1.5 cmx1.5 mm). The membranes’ tensile strength( MPa) can be calculated by the following formula;
Breaking force
Width x Thickness

where the units of breaking force, width and thickness are ¢N, cm and pm, respectively.

Tensile strength =

Fig.6 presents the membranes’ strength-strain curves. All the curves can be divided into two stages by the
highest strength point. In the first stage, the strength increased with the increase of the strain, and the fibers’
arrangements in the membranes changed from unordered to well-organized by the fibers’ dislocation and
slipping. The strength in the stage was mainly contributed by the sliding friction force between fibers, and
secondarily caused by the strength of the fibers themselves. At the highest strength point, the fibers can not
resist the tensile force and begin to fracture. The curves then enter the second stage. In this stage, the strength
decreased with the increase of the strain. During the process, the ordered fibers slid in the fiber-direction and

gradually fractured. The strength in the second stage was mainly caused by the sliding friction force and the

strength of fibers. The fracture processes of the 14 N

membranes are similar to the report of Mao et al.'”’. & L.2r ‘5:/700 ¢
The strength of the xerogel fiberous membrane was % Loy : )

0. 14 MPa. For the membranes calcined at 300, 600, gb ek | 600 C sooe

700 and 800 °C , the strength were 0.50, 1.24, 1.26 S AN

and 1.01 MPa, respectively (Fig.6). It can be seen E Zi: 300 C

from the data that the strength first increases and the '0 : l ' — Xorogel

interacting forces among the particles were weak, so 0 04 08 12 16

the strength of the xerogel nanofibrous membrane was Strain(%)

very low. By calcinating, the fibrous membranes signif-  Fig.6 Tensile strength-strain curves of the xerogel

icantly shrank with the removal of the ethanol, water membranes and those calcined at different

and organics. The fibers combined more tightly, and temperatures
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the interacting force among the particles in the fibers became higher, so the sliding friction force and the fiber
strength increased, which resulted in an increse in the membrane’ s strength. The y-Al,0, membranes formed
after calcination at 800 °C. The fiber strength became lower due to the particles’ growth and the formation of

pores, which resulted in a decrease of the membrane’ s strength.

3 Conclusions

High-strength flexible y-Al,O, membranes were fabricated by electrospinning combined with sol-gel
technique. The membranes’ morphology, the fibers’ arrangement and the crystalline phase have an important
impact on the flexibility and mechanical properties of the membranes. The y-Al,0, membranes present
excellent flexibility and tensile strength (1. 01 MPa). The excellent flexibility and high tensile strength may
extend the membrane’ s service life. The membranes prepared by this method will have a lot of potential

applications in catalytic and high-temperature filtration fields.
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