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A simple route is presented to fabricate a polymer (poly-

acrylonitrile, PAN)@c –AlOOH composite fiber film, with a

three-dimensional hierarchical micro/nanostructure, based on

electrospun fiber templated hydrothermal strategy. The com-

posite fibers are nest-like in morphology and consist of cross-

linked c–AlOOH nanoplates, with 20 nm–40 nm of thickness,

standing nearly vertically on the PAN fibers. The formation of

such composite fibers are attributed to the template-induced

heterogeneous growth of c–AlOOH on the PAN fibers in

alkaline conditions. Further, such fibers can be converted into

the tubular Al2O3 hollow fibers with the nearly unchanged

morphology after calcination in air. Importantly, the as-

prepared PAN@c–AlOOH composite fibers have shown a

much higher adsorption capacity than the normal c–AlOOH

nanopowders, and especially, exhibited very good recycling

performance (more than 85% of its original adsorption capacity

after 4 cycles), as an adsorbent to remove the heavy metal ions,

Cr(VI), from model wastewater. This material could thus serve

as an effective recyclable adsorbent with easy separation from

solution. Also, it is expected to have other potential applica-

tions in the role of a sensitive material or catalyst.

It is well known that some nanosized materials could be used as

effective adsorbents of heavy metals or other contaminants and

may play an important role in water purification.1–3 However,

there are some vital defects hindering the practical applications of

powdered nano-adsorbents. Firstly, the agglomeration of nano-

particles, which deprives the nanomaterials of their characteristics

and excellent properties, takes place in almost every occasion.

Secondly, the collection after use not only increases the difficulties

in separation from solution but also defeats any chance of

recycling the material. For instance, the isolation of the powdered

nanomaterials from solution through centrifugation complicates

the operation process and is highly inconvenient for recycling.

Moreover, residues can result from the above treatment such as

sludge, which is always a difficult issue because of their potential

toxicity, and can add to the contamination problems of the

environment after they enter the surroundings.4 As an alternative

approach to avoid agglomeration, inorganic hierarchically micro/

nanostructured materials or the microsized objects with nanos-

tructures, such as dandelion-like CuO5 and ZnO,6 flower-like iron

oxide7 and c–AlOOH,8 and hierarchical MnO,9 have been

successfully prepared. These materials are of the steady activity

due to their structural geometry. However, separation is still a

challenge owing to their existence in the form of powders.

It is well known that polymer is a kind of excellent recyclable

materials with good elasticity and pliability.10 Recently, electro-

spun polymer fiber mats (or films) have exhibited great potential

in environmental remediation because they are freestanding and

recycled easily and can also be integrated onto another matrix

conveniently.11–13 Also, the fibers possess several attractive

advantages, such as a comparatively low cost, applicability to

various materials and the ability to generate relatively large-scale

integrated film, which are very important in practical applica-

tions.14 Obviously, if the micro/nanostructured inorganic materi-

als grow on the electrospun polymer fibers’ surface, a flexible

composite fiber film would be formed with 3 dimensional (3D)

micro/nanostructures. Such a structured composite material is

expected to possess both the advantages of polymer fibers and

micro/nanostructured inorganic materials, and hence overcome

the above shortcomings of the powdered nanomaterials, which

has been confirmed in our recent work.

In this communication, a simple route is presented to fabricate the

polymer (polyacrylonitrile, PAN) @c–AlOOH composite fibers,

based on an electrospun fiber templated hydrothermal strategy. In

this strategy, the electrospun PAN fibers are used as a flexible

template. Nanostructured c–AlOOH grows on the fibers’ surface,

forming three-dimensional (3D) micro/nanostructured composite

fibers via a subsequent hydrothermal route. Here, the electro-spun

PAN fibers are directly used as the substrate of c–AlOOH growth

and can also be used as the sacrificial template to build the micro/

nanostructured hollow or tubular inorganic fibers, as illustrated in

Scheme 1. Using such a route, we have obtained 3D PAN@c–

AlOOH micro/nanostructured flexible material, which consists of

cross-linked c–AlOOH nanoplates which are nearly vertically

standing on the PAN fibers and with 20–40 nm in thickness. Such

fibers can be converted into tubular Al2O3 hollow fibers with nearly
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unchanged morphology after calcination in air. Importantly, the as-

prepared PAN@c–AlOOH fibers have shown much higher adsorp-

tion capacity than the normal c–AlOOH nanopowders, and in

particular, exhibited very good recycling performance (more than

85% of their original adsorption capacity after 4 cycles), as an

adsorbent to remove the heavy metal ions, Cr(VI), from model

wastewater. This material could thus serve as an effective recyclable

adsorbent with easy separation from solution. Also, it is expected to

have other potential applications such as sensitive material or

catalyst. The details are reported in the following.

PAN fiber was first prepared by electrospinning, as previously

described.14 Briefly, 5 ml dimethylformamide (DMF) solution of

PAN (8% wt, MWy60 000) was put into a syringe with an internal

hole diameter of 0.7 millimetre. The inject rate of the solution was

controlled to be about 0.1 ml h21. The electrospinning was carried

out on a homemade electrospinning apparatus. The fibers were

collected on a rotatable drum to form a piece of net-like film. After

that, 0.01 g of the as-prepared PAN fiber film and 1.5 g of

aluminium powder were mixed together in 40 ml hexamethylenete-

tramine (C6H12N4, or HMTA for short) aqueous solution (1% wt),

and transferred into a Teflon autoclave and heated to a temperature

of 110 uC for 10 h before cooling to the room temperature. The pH

value of the solution increases from 7.5 initially to 10 after reaction.

The mixture of the fibers and the powders was then taken out and

washed with deionized water, and finally dried in a vacuum oven at

50 uC for 24 h.

The inset in Fig. 1A shows a photo of the freestanding electrospun

PAN fiber film, which is about 60 mm 6 60 mm and white in color.

Scanning electron microscopic (SEM) observation has revealed that

the film consists of fibers, which are randomly arranged and form a

net-like porous film, as shown in Fig. 1A. Most of fibers fall into the

range from 200 nm to 400 nm in diameter, as illustrated in Fig. S1,

ESI{. After hydrothermal reaction, the film is unchanged in color.

But X-ray diffraction (XRD) measurement shows that the phase

constitution, before and after reaction, is different, as illustrated in

Fig. 1B. The peaks at 17u and 27u correspond to those of the PAN

fibers.15 After reaction, the new peaks can be clearly identified as

orthorhombic c–AlOOH (JCPDS card 21-1307), indicating forma-

tion of PAN@c–AlOOH. Fig. 1C presents a typical SEM image for

the sample after reaction, showing the PAN@c–AlOOH fibers, which

are much thicker than the pure PAN fibers (about 600 nmy1 mm in

diameter). We can see that the products are homogeneously

distributed on the fibers. Local magnification has revealed that the

products are cross-linked c–AlOOH nanoplates nearly vertically

standing on the fibers, exhibiting the 3D nest-like nanoarchitecture, as

shown in Fig. 1D. The nanoplates are 80–150 nm in edge size and

15y40 nm in thickness (see the inset in Fig. 1D).

Transmission electron microscopic (TEM) examination was also

conducted. Fig. 2A shows the morphology corresponding to a

segment of the composite fiber. The selected area electron diffraction

(SAED) pattern of a nanoplate, which is perpendicular to the

electron beam, shows that the nanoplate is single crystal with planar

orientation [01̄1], as illustrated in Fig. 2B and its insets. In addition,

Fig. 1 (A) FESEM image of electrospun PAN fibers; The inset is a photo of the fiber film. (B) XRD patterns of electrospun PAN fibers (a) and the PAN@c–

AlOOH composite fibers (b); (C) FESEM image of the PAN@c–AlOOH composite fibers. (D) a local magnified image of (C), the inset is a further magnified

image.

Scheme 1 Schematic illustration for fabrication of the polymer@c–AlOOH

composite fibers with a 3D micro/nanostructure. (a): an electrospun polymer

fiber. (b): the composite fiber after the electrospun fiber templated

hydrothermal reaction. (c): a tubular hollow fiber after calcination of the

composite fiber.
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based on the isothermal nitrogen sorption measurement and the

Brunauer–Emmett–Teller (BET) equation,16 the specific surface area

of the composite fibers was evaluated to be about 19 m2 g21.

Further, the AlOOH content in the composite fibers were estimated

to be 47.4 wt%, by the difference in the film-weight before and after

the hydrothermal reaction. So, the specific surface area of the cross-

linked c–AlOOH nanoplates in the composite fibers should be about

40 m2 g21. It should be mentioned that such composite fiber film still

keeps its flexibility. Also, if the composite fibers were subsequently

calcined at 550 uC in air, the PAN fibers would be thus burned away,

and hollow or tubular hierarchical micro/nanostructured fibers could

be obtained, as shown in Fig. 2C and D, corresponding to the TEM

and SEM observations, respectively. The nanoplates are still

vertically standing and cross-linked, but the PAN fibers have been

removed and a tubular hollow structure is left. According to the

previous reports,17–19 the phase transformation, from boehmite to

alumina, takes place in the temperature range from 250 uC to 550 uC.

So the obtained hollow fibers should be Al2O3. Such structured

materials could be used as catalysts20 or catalyst supports.21–23

Further experiments have indicated that the reaction duration and

concentration of C6H12N4 (or HMTA) in the precursor solution are

important to promote the formation of the above PAN@c–AlOOH

micro/nanostructured fibers. When the reaction time is short (say,

3 h), there are only very few ultrafine nanoplates formed and

standing on the PAN fibers (Fig. S2A, ESI{). Increasing the reaction

time leads to more and bigger nanoplates. Fig. S2B, ESI{ shows the

results corresponding to a 6h reaction. Much more nanoplates are

observed on the fibers. Only if the reaction is long enough (say, 10 h),

can we obtain the cross-linked and dense nanoplates homogeneously

and nearly vertically standing on the fibers (Fig. 1C and D).

Also, HMTA in the precursor solution played a key role in

formation of the nanoplates during the hydrothermal reaction. When

its concentration is low (say, 0.1% wt), only few nanoplates form on

the PAN fibers (Fig. S3A, ESI{). Increasing the concentration (say,

0.25% wt) leads to more nanoplates (Fig. S3B). However, if the

concentration is too high (say, 10% wt), the reaction products are the

mixture of the big particles (about 300 nm in size) and floc, which

densely surround the fibers (Figs. S3C, D). Only an appropriate

concentration (say, 1% wt) can induce the cross-linked c–AlOOH

nanoplates nearly vertically standing on the fibers with 3D nest-like

micro/nanoarchitecture (Fig. 1C and D).

Here the formation of the 3D nest-like micro/nanoarchitectured

PAN@AlOOH can be briefly described below. When the precursor

solution with PAN fibers and metallic aluminum was heated at

110 uC, the following reactions would take place:

C6H12N4 + 6H2O A 6HCHO + 4NH3 (1)

NH3 + H2O A NH4
+ + OH2 (2)

Al + 2H2O + OH2 A Al(OH)4
2 + H2 (3)

Al(OH)4
2 A AlOOH + H2O + OH2 (4)

Firstly, HTMA or C6H12N4 reacts with water and produces

ammonia [reaction (1)].24–25 Then ammonia in turn hydrolyzes and

the OH2 ions are generated, which makes the solution alkaline (or

pH value increases) [reaction (2)]. Secondly, in such a basic solution,

with C6H12N4 hydrolysis going on, aluminum atoms would react with

excessive hydroxyl ions and form Al(OH)4
226–29 [reaction (3)], which

in turn decompose and transform into AlOOH in hydrothermal

conditions30–31 [reaction (4)]. When the concentration of AlOOH is

saturated, c–AlOOH nuclei would be formed on the PAN fibers.

It has been reported that the appropriate basic conditions favor

formation of 2D c–AlOOH nanosheets,26,30,32 which is a layered

structure with an octahedral arrangement within the lamellae, and

hydroxyl ions hold the lamellae together through hydrogen bond-

ing.33,34 Under acidic conditions, the solution contains protons, which

combine with the hydroxyl oxygen lone pairs to give aqua ligands and

destroy the c–AlOOH layers, the separated layers subsequently curl

into a 1D nanostructure via the scrolling-growth route. In reverse, the

2D lamellar structure would be retained in basic solution.35 In this

study, the initial reaction solution was weakly basic with a pH above

8. The plate-like c–AlOOH nuclei would preferentially grow along the

[100] and [011] directions within the plane(01̄1). Only the (200)-

oriented c–AlOOH nuclei can grow continuously and the other

oriented nuclei cannot sufficiently grow due to the geometric

limitation. Finally, with the reaction, the cross-linked c–AlOOH

nanoplates are formed nearly vertically standing on the fibers,

exhibiting the 3D nest-like micro/nanoarchitecture (see Fig. 1D).

As for the effect of HTMA in the precursor solution on the

morphology of products, it is easy to understand based on the

reactions (1, 2, 3). The low concentration of HTMA corresponds to

the low OH2 concentration, which will produce less Al(OH)4
2 ions

and only slowly form the products [reactions (3, 4)], leading to the

few c–AlOOH within the same reaction time (see Fig. S3 A, B, ESI{),

while too high a concentration of HTMA, corresponding to high

OH2 concentration, will induce the fast formation of c–AlOOH,

resulting in densely distributed products with irregular morphology.

Fig. 2 Microstructural examination of the prepared composite fibers. (A)

TEM image of a single as-prepared PAN@c–AlOOH fiber. (B) A local

magnified image corresponding to the rectangular area marked in (A); The

down-right inset: a high resolution TEM image corresponding to the

rectangular area marked in (B); Up-right inset: the selected area electron

diffraction pattern of a nanoplate vertical to the electron beam. (C) TEM

image of a single PAN@c–AlOOH after calcination at 550 uC, showing a

tubular hollow structure. (D) FESEM image corresponding to the sample

in (C).
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Importantly, the as-prepared PAN@c–AlOOH composite fibers

shown in Fig. 1c, which are convenient to collect and separate from

solution, can be used as efficient adsorbents for the removal of Cr(VI)

from solution with good reusability. Here, the adsorption capacity of

c–AlOOH (containing 47.4 wt% in the composite fibers) is employed

to represent that of the composite fibers since pure PAN cannot

remove Cr in the solution.14

The adsorption isotherm of Cr(VI) ions (pH = 3) on the as-

prepared PAN@c–AlOOH composite fibers shown in Fig.1C, is

illustrated in curve (a) of Fig. 3A, which shows a much stronger

adsorption than the c–AlOOH nanopowders (32 m2 g21 in specific

surface area) [curve (a0) of Fig. 3A], prepared according to the route

previously described36 (See the morphology shown in Fig S4, ESI{).

Quantitatively, the adsorption isotherms of Cr(VI) ions on the

composite fiber and the powders follow the Freundlich model very

well,37 as shown in Fig S5{. Furthermore, the adsorption capacity of

the composite fibers depends on the pH value of the Cr(VI)-

contained solution, and decreases with rising pH value [see curves (a,

b, c) in Fig. 3A]. Here, it should be mentioned that adsorption

treatment induces increase of pH value of the solution slightly rises.

More importantly, such hierarchically structured PAN@c–AlOOH

fibers have exhibited a stable recycling adsorption ability. Fig. 3(B)

shows such a recycling adsorption capacity for the composite fibers, in

Cr(VI) solution with pH = 3, washed by 0.01 M NaOH (details are

described in the ESI{). The PAN@c–AlOOH fibers still retained

more than 85% of its original Cr(VI)-adsorption capacity after four

cycles, demonstrating the stable recycling adsorption ability.

The high adsorption capacity for the hierarchically structured

PAN@c–AlOOH fibers can mainly be attributed to their special

structure. Furthermore, since the cross-linked c–AlOOH nanoplates

nearly vertically standing on the fibers are of high structural stability,

they would prevent the morphology from breaking down during

recycling experiments, and keep the high active surface area, showing

good cycling performance. Importantly, different to powdered

adsorbents, which should be separated by centrifugation after

remediation, our composite fibers can be simply collected and

reclaimed by tweezers after an experiment.

As for the pH-value dependent adsorption capacity, it could be

attributed to the surface protonation of the adsorbent (c–AlOOH) in

acidic solution. At a low pH value, the c–AlOOH surface is highly

protonated and hence favors adsorption of Cr(VI) ions which mainly

exist in the form of HCrO4
2.38. The surface protonation degree

should reduce with an increase in pH-value, leading to a decrease of

adsorption capacity [see curves (a, b, c) in Fig.3A]. In addition, the

protonation is a proton-consuming reaction and should increase the

pH values of the solution.39 This has been confirmed in our

experiment. Typically, the pH value increases to 4.2 after adsorption

for the solution with initial pH = 3 in our case.

In summary, the PAN@c–AlOOH composite fibers, with 3D

hierarchical micro/nanostructure, have been fabricated for the first

time by a simple route, based on electrospun fiber templated

hydrothermal strategy. The formation of the composite fibers can be

attributed to template-induced heterogeneous growth of c–AlOOH

on the PAN fibers in alkaline conditions. Owing to the structural

geometry of the composite fibers, the tubular Al2O3 hollow fibers

with the nearly unchanged morphology can be obtained after

removal of the PAN fiber by calcination in air. More importantly,

due to the 3D miro/nanostructure-induced stability against aggrega-

tion, the PAN@c–AlOOH composite fibers are of a much higher

adsorption capacity than conventional c–AlOOH nanopowders as

an adsorbent to remove the heavy metal ions, Cr(VI), from solution.

This material could serve as a candidate adsorbent for environment

remediation because of its effective recyclable performance and easy

separation from solution. Also, it is expected to have other potential

applications such as a role as a sensitive material or catalyst.
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