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ABSTRACT

A novel alumina hollow fiber was synthesized by sol-gel template method and was characterized by
scanning electron microscopy, N, adsorption technique and X-ray diffraction. With the use of prepared
alumina hollow fiber as extraction membrane, a new method of flow injection (FI)-membrane solid phase
microextraction (MSPME) on-line coupled to inductively coupled plasma-optical emission spectrometry
(ICP-OES) was developed for simultaneous determination of trace metals (Cu, Mn and Ni) in environ-
mental water samples. The adsorption capacities of the alumina hollow fiber for Cu, Mn and Ni were
found to be 6.6, 8.7 and 13.3mgg~', respectively. With a preconcentration factor of 10, the limits of
detection (LODs) for Cu, Mn and Ni were found to be 0.88, 0.61 and 0.38 ngmL~!, respectively, and the
relative standard deviations (RSDs) were ranging from 6.2 to 7.9% (n=7, c=10ngmL1). To validate the
accuracy, the proposed method was applied to the analysis of certified reference material GSBZ50009-88
environmental water and the determined values are in good agreement with the certified values. The
developed method was also employed for the analysis of Yangtze River water and East Lake water, and

the recoveries for the spiked samples were in the range of 87.4-110.2%.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Membrane separation is a highly efficient separation technol-
ogy and has been widely used in hemodialysis, water desalination,
natural gas treatment, wastewater purification, blood oxygenator,
etc. [1,2]. One of the most common modes for its application is to
separate analytes in different sizes by the nano/macro pores of the
membrane, and the other is to make full use of its adsorption char-
acteristics. Membrane based solid phase microextraction (MSPME)
involving membrane as the adsorption material integrates sam-
pling, extraction and concentration into a single step and inherits
the advantages of solid phase microextraction (SPME) and mem-
brane separation [3].

In the development of MSPME, exploration of novel extraction
membrane with excellent performance has attracted great inter-
est for that the employed extraction membrane is one of the key
factors that determine the sensitivity and the selectivity of the ana-
lytical method [4,5]. Organic film and polymer film, due to their
advantages of flexibility, high permeability, low density, good film-
forming and low-cost, have been widely used in the analysis of
drug and pesticide residues in real samples [3,6,7]. Compared with
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common organic membrane, inorganic membrane exhibits much
better resistance to strong acid/alkaline and high temperature [8],
resulting in an increasing interest on the synthesis and applica-
tion of various inorganic oxide membranes, such as titania [9,10],
alumina[11-14],silica[15,16], zirconia [17-19]. Porous anodic alu-
mina membrane has been widely used in catalysis [20], separation
technology [21], optoelectronics [22]. Various types of alumina film
can be synthesized through chemical vapor deposition, anodic oxi-
dation, solid particles sintering, phase transfer/sintering [23] and
template method [12-14]. Compared with other methods, tem-
plate method is easy to operate and the topography of the obtained
product can be easily controlled [24]. Liao and Shi’s group synthe-
sized mesoporous alumina membrane by using collagen membrane
as a template and the synthetic process and mechanism have
been investigated [13]. When cotton was used as the template,
the prepared alumina film is almost identical to its template in
terms of morphology [14]. Recently, polypropylene hollow fibers
have been applied as the template for the synthesis of zirconia
hollow fiber [17,19] and titania hollow fiber [10]. The obtained
zirconia and titania fibers have the characteristics of porous mem-
brane structure, uniform textural pores, and high surface area,
which make them good alternatives for MSPME adsorption mate-
rial. Based on our literatures survey, hitherto, MSPME based
on alumina hollow fiber for trace elemental analysis has not
been reported.
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Table 1

Optimized operating conditions for ICP-OES.
RF generator power (W) 1150
Frequency of RF generator (MHz) 27.12
Coolant gas flow rate (Lmin~1) 14
Auxiliary gas (Lmin—1) 0.5
Plasma gas (Lmin~!) 0.6
Observation height (mm) 15
Max integration times (s) 30

Analytical wavelength (nm)

Cu 324.754
Mn 257.610
Ni 341.476

Cu, Mn and Ni are the essential trace elements for human
being, while excessive intake of such metals would endanger
our health. With so much natural and human activities, such as
crustal movement, industrial and agricultural sewage discharge,
heavy metals contamination has become a significant threat to
the ecosystem and human health [25,26]. Consequently, the devel-
opment of reliable methods for the removal and determination
of such heavy metals in environmental samples is of particular
significance.

The aim of this work was to prepare a new alumina hollow
fiber membrane by using polypropylene hollow fiber as the tem-
plate, and investigate the adsorption behaviors of Cu, Mn and Ni
on the self-prepared material. Based on these investigations, a new
method of flow injection (FI)-MSPME-ICP-OES was proposed for
the determination of target metal ions in environmental water
samples.

2. Experimental
2.1. Apparatus

Magnetic mixer (7312-I, Shanghai Standard Mode Factory,
Shanghai) was used in the synthesis procedure. Vacuum drying
oven (DZG-6020, Shanghai Senxin Instrument Factory, Shanghai)
and X2-6-13 muffle furnace (Yingshan Yahua Instrument Fac-
tory, Hubei, China) were used to achieve the desired temperature.
The synthesized alumina hollow fiber was characterized by X-
ray diffractometer (Lab X-3000, Shimadzu, Japan) and Scanning
Electron Microscope (Hitachi modal X-650, Tokyo, Japan). Nitro-
gen adsorption/desorption experiments were carried out with a
Beckman Coulter (Miami, FL, USA) SA 3100 Plus surface area and
pore size analyzer. The specific surface area values were cal-
culated according to the Brunauer-Emmett-Teller equation. The
pore parameters (pore volumes and pore diameters) were eval-
uated from the desorption branches of isotherms based on the
Barrett-Joyner-Halenda model.

Intrepid XSP ICP-OES (Thermo, Waltham, MA, USA) with a con-
centric model nebulizer and a cinnabar model spray chamber was
used for the determination of target metal ions, and the optimum
operation conditions are summarized in Table 1. The pH values
of aqueous solution were adjusted by a Mettler Toledo 320-S pH
meter (Mettler Toledo Instruments Co. Ltd., Shanghai, China) sup-
plied with a combined electrode. An IFIS-C flow injection system
(Ruimai Tech. Co. Ltd., Xi'an, China) and a PTFE tubing (0.6 mm
i.d., 10cm length) packed with alumina hollow fiber were used
in the on-line separation/preconcentration process. A minimum
length of PTFE tubing (0.4 mm i.d.) was used for all connections in
order to minimize the dead volume. The Accurel Q3/2 polypropy-
lene hollow fiber membrane (600 wm i.d., 200 wm wall thickness,
0.2 wm pore size) was purchased from Membrane GmbH (Wupper-
tal, Germany).

2.2. Standard solution and reagents

The stock solutions (1gL-') of Mn(II), Ni(ll) and Cu(II)
were prepared by dissolving appropriate amounts of MnSOQy,
NiSO4-(NH4),S04-6H,0 and CuSO4-5H, 0 (analytical reagent grade,
The First Reagent Factory, Shanghai, China) in high purity water,
respectively. Working solutions were prepared daily by appropri-
ate dilutions of stock solutions. AlCl; (analytical reagent grade) was
also purchased from the First Reagent Factory, Shanghai, China. The
employed HNOs3, HCl, CH3CH,OH and NH3-H,0 were of analyti-
cal reagent grade and all other reagents used were of spec pure
grade or analytical reagent grade. High purity water obtained by
Repure system (MRM-III-20, Origin of High Purity Technology Co.,
Ltd., Wuhan, China) was used throughout the experiment.

2.3. Synthesis of alumina hollow fiber

2.3.1. Preparation of alumina sol

Alumina sol was prepared according to the procedure described
in Refs. [27,28]. Briefly, 1.33 g AICl3 and two drops of 1molL~!
HNO3; were added into 10 g ethanol with stirring for 30 min. The
resulting sol solutions were then aged at 70°C in the drying oven
for 2 days.

2.3.2. Preparation of alumina hollow fiber

Polypropylene hollow fibers were ultrasonicated in acetone for
15 min, then removed out and dried in the air. For coating, the
dried polypropylene hollow fibers were immersed in the above-
prepared alumina sol, followed by a drying procedure with careful
temperature control at 60°C for 4 h. Then, the above immersion
and drying process were repeated for several times, resulting in
alumina coated-polypropylene hollow fibers. Finally, the coated
hollow fibers were heated from room temperature to 800°C at
2°C/min and maintained for 3 h to remove the polypropylene tem-
plate and crystallize the alumina.

2.4. Preparation of micro-column

10 mg of alumina hollow fiber was filled into PTFE soft tubing
(0.6 mm i.d.) plugged with PTFE hard tubing (0.4 mm i.d.) at both
ends. Before use, 1.0molL~! HNOs3 and high purity water were
passed through the column in sequence to remove possible impu-
rities. Then, the column was conditioned to the desired pH with
0.1 mol L-! NH4NO; buffer solution.

2.5. Sample preparation

Water samples, including river water and lake water, were
collected from Yangtze River and East Lake (Wuhan, China), respec-
tively. Immediately after sampling, water samples were filtered
through a 0.45 pm membrane (Tianjing Jinteng Instrument Fac-
tory, Tianjin, China) and adjusted to pH 8.5 with 0.01 mol L-! HNO3
and 0.01 molL-! NH3-H,0. After that, the sample solutions were
analyzed immediately.

Certified reference material GSBZ50009-88 environmental
water was provided by the Institute for Environmental Reference
Materials, Ministry of Environmental Protection of China, Beijing,
China. Prior to use, the ampoule was broken carefully at the neck
and 10 mL of the sample was pipetted into 250 mL volumetric flask
and made to the calibrate with high purity water according to
the instructions of the supplier. The sample was further diluted
and adjusted to pH 8.5 with 0.01 molL~! HNO3; and 0.01 mol L-!
NH3-H, O prior to analysis.

High purity water without analytes addition was employed as
the blank and subjected to the same procedure described above.
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Fig. 1. FI manifold and operation for on-line preconcentration/separation and ICP-
OES determination. (a) Preconcentration/separation step, (b) elution/introduction
step. For details see text. S, sample; E, elution; W, waste; P1, P2, peristaltic pumps;
ICP, ICP torch.

2.6. General procedure

The operation sequence of the FI on-line column precon-
centration and ICP-OES determination is shown in Fig. 1. In
separation/preconcentration step, pump P1 was activated, so that
the sample was drawn through the column and the effluent was
led to the waste. And in elution step, pump P2 was activated and
the eluent was propelled through the column reversely, the eluting
solution was then introduced into the ICP-OES for determination.

3. Results and discussion
3.1. Characterization of alumina hollow fiber

The self-prepared alumina hollow fiber was characterized by
powder X-ray diffraction (XRD), scanning electron microscopy
(SEM), and low-temperature nitrogen adsorption/desorption mea-
surements.

3.1.1. X-ray diffraction analysis

Alumina has different crystal forms including Al(OH)3, AIO(OH),
v-Al,03, 8-Al,03, 6-Al;03, a-Al;03, and so on. Among them, y-
Al,03 shows excellent resistance to strong acid/alkaline and high
temperature, and other special characteristics, resulting in an appli-
cation potential in catalyst and solid phase extraction [29]. Fig. 2
shows XRD patterns of alumina calcinated at different tempera-
tures, and an obvious crystal forms transformation was observed.
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Fig. 2. XRD spectra of Al,03 hollow fiber at different temperatures.

Table 2
Pore structure parameters based on measurement of nitrogen
adsorption/desorption.
Material Surface area Pore volume Pore size
(m?/g) (mL/g) (nm)
Polypropylene 26.1 0.09 21.3
hollow fiber
Alumina 81.2 0.05 6
hollow fiber

The characteristic peaks of y-Al,O3 appeared obviously at 37.6°,
45.8° and 66.8° (20) when the calcination temperature is above
800°C, which accords with that reported in Ref. [14]. In this work,
v-Al; 03 hollow fibers were employed as the extraction material,
therefore, calcination at 800°C for 3 h was selected for the prepa-
ration of alumina hollow fibers.

3.1.2. Scanning electron microscopy analysis

Fig. 3 shows the SEM images of alumina hollow fiber and
polypropylene hollow fiber at different magnifications and dif-
ferent view angles. From the cross-sectional image (Fig. 3a) and
longitudinal image (Fig. 3b) of the alumina hollow fiber, it can
be seen that the inner diameter of alumina hollow fiber is
about 350 wm and its thickness is about 100 wm. Compared with
polypropylene hollow fiber (i.d. 600 m, thickness 200 p.m), the
self-prepared alumina hollow fiber displayed ~40% radial shrink-
age. While for the surface topography, both of them present
porous structure (Fig. 3c and d). With much greater magnifica-
tion, nanopores in different sizes were observed in the textural
image of alumina hollow fiber (Fig. 3e), which is quite different
from that observed in polypropylene hollow fiber (Fig. 3f). It should
be pointed out that these nanopores in the self-prepared alumina
hollow fibers will lead to an enhanced surface area and fast mass
transfer for the analytes during the extraction process.

3.1.3. Pore structure parameters

Based on nitrogen adsorption/desorption experiments, the pore
structure parameters of polypropylene hollow fiber and alumina
hollow fiber were investigated and the results are listed in Table 2.
As can be seen, the surface area of alumina hollow fiber is twice
larger than that of polypropylene hollow fiber and alumina hol-
low fiber has much smaller average pore size than polypropylene
hollow fiber.

3.2. Optimization of MSPME conditions

3.2.1. Effect of pH

The pH value plays an important role in the adsorption of dif-
ferent metal ions on the oxide surfaces. In order to investigate the
effect of pH on the adsorption percentage of target analytes, sample
solutions were adjusted to pH 2-9 and then subjected to the oper-
ation procedure as described in Section 2.6. Fig. 4 is the effect of pH
on the adsorption percentage of Cu(Il), Mn(II) and Ni(II). As can be
seen, in the pH range of 2-8, the adsorption percentage of target
analytes was obviously increased with the increase of pH. When pH
is above 8, the adsorption percentage of target analytes was main-
tained at around 95%. The above results could be explained by the
following facts. The surface of alumina hollow fiber is positively
charged when the pH is lower than the isoelectric point (~8) of
alumina, resulting in an electrostatic repulsion for the target metal
ions. When pH is above the isoelectric point, negatively charged
alumina hollow fiber attracted target ions and led to an enhance-
ment of the adsorption efficiency. In subsequent experiment, pH
8.5 was used for simultaneous adsorption of Cu, Mn and Ni.
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Fig. 3. SEM images of Al,03 and polypropylene hollow fiber: (a) cross-sectional image of Al, 03 hollow fiber; (b) longitudinal image of Al,03 hollow fiber; (c) textural image
of Al,03 hollow fiber; (d) textural image of polypropylene hollow fiber; (e) nanopores of Al,03 hollow fiber; (f) fibrous structure of polypropylene hollow fiber.

3.2.2. Effects of sample flow rate and sample volume

The effect of flow rate of sample solutions in the range of
0.1-1.4mLmin~! on the adsorption percentage of target analytes
was examined and the results are shown in Fig. 5. It was found
that Mn, Ni and Cu could be adsorbed quantitatively when the
sample flow rate was in the range of 0.1-0.3 mLmin~!, while the
adsorption percentage was decreased with a further increase of
the sample flow rate. For further experiments, a sample flow rate
of 0.3 mLmin~! was applied.

In order to increase the enrichment factor as possible, large vol-
ume of sample solution is favorable. For this purpose, the effect of
sample volume on the recovery of target analytes was investigated
and the results are shown in Fig. 6. As can be seen, no obvious influ-

ence of sample volume on the recovery of the target analytes was
observed in the range of 1-20 mL. However, it should be pointed
out that 20 mL of sample loading would take much more time and
result in a low sampling frequency. To trade off the enrichment fac-
tor and analytical speed, a sample volume of 3 mL was used in the
experiment.

3.2.3. Optimization of elution conditions

As can be seen from Fig. 4, the adsorption of target metal ions
was negligible at pH < 2. Thereby HCl was used as the eluent for
the elution of the target analytes and the effect of HCI concentra-
tion in the range of 1-3 mol L~ on the recovery of target analytes
was investigated. As shown in Fig. 7, the recovery of Mn, Ni and
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Fig. 4. Effect of pH on the adsorption percentage of Cu?*, Mn?* and Ni2* on
Al, O3 fiber. Conditions: sample volume: 3 mL; the concentration of target analytes:
0.2 pgmL-1.
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Fig. 5. Effect of sample flow rate on the adsorption percentage of Cu?*, Mn2* and
Ni2* on Al, 03 fiber. Conditions: sample volume: 3 mL; the concentration of target
analytes: 0.2 pngmL~'; pH=8.5.
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Fig. 6. Effect of sample volume on the recovery of Cu?*, Mn2* and Ni?* on Al, O3 fiber
conditions: the concentration of target analytes: 0.2 ug mL~'; pH=8.5; sample flow
rate: 0.3 mLmin~".
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Fig. 7. Effect of HCl concentration on the recovery of Cu?*, Mn?* and Ni®* on
Al, O3 fiber. Conditions: sample volume: 3 mL; the concentration of target analytes:
0.2 ngmL-'; pH=8.5; sample flow rate: 0.3 mLmin~"'.

Cu was increased continuously with HCl concentration increas-
ing from 1molL-! to 2.5molL~!, and maintained constant with
the further increase of HCl concentration. For further experiments,
2.5mol L~1 HCl was selected as the eluent.

The effect of elution flow rate on the recovery of target ana-
lytes was examined with the flow rate varying in the range of
0.2-1.2mLmin~!. It was found that Mn, Ni and Cu could be recov-
ered quantitatively when the elution flow rate was in the range
of 0.2-0.4mLmin~!, while the recovery was obviously decreased
with a further increase of the elution flow rate. Additionally, the
effect of elution volume on the recovery of target analytes was
investigated and the results are shown in Fig. 8. As can be seen,
the recovery of Mn, Ni and Cu was increased with the increase of
elution volume from 0.1 to 0.3 mL and maintained constant in the
elution volume range of 0.3-0.5 mL. In the subsequent experiment,
0.3mL 2.5 mol L-1 HCI was used to recover the target analytes at a
flow rate of 0.3 mL min~1.

3.2.4. Adsorption capacity and regeneration

Adsorption capacity is an important factor to evaluate the per-
formance of the solid phase extraction material, since it determines
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Fig.8. Effect of elution volume on the recovery of Cu?*, Mn?* and Ni2* on Al, O3 fiber.
Conditions: sample volume: 3 mL; the concentration of target analytes: 0.2 pg mL~';
pH=8.5; sample flow rate: 0.3 mLmin~'; eluent: 2.5 mol L-! HCI; elution flow rate:
0.3 mLmin!.
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Table 3
Comparison of adsorption capacities (mgg=1).
Element Sorbents
Al, 05 hollow Nanometer Mesoporous Nanometer High surface Pyrogallol Multiwalled
fiber sized Al,03 TiO, sized TiOy area ZrO, Immobilized carbon
Amberlite nanotubes
XAD-2
This work [29] [31] [32] [33] [34] [35]
Cu 6.6 133 8.1 6.9 7.9 4.5 -
Mn 8.7 15.7 223 2.1 6.2 4.5 49
Ni 133 12.2 8.6 2.0 5.6 4.1 6.9
Table 4 Table 5

Effect of coexisting ions on the adsorption of analytes.

Analytical results of certified reference material (mean +SD, n=3).

Coexisting Tolerance limit of ions (mgL-")
K* 3000

Na* 5000

Ca%*, Mg?* 2000

Fe3* 50

Zn%* 10

Cl- 3500

S042- 5000

CH3COO 20

CO32~ 500

how much alumina hollow fiber is required to quantitatively con-
centrate target analytes from a given solution. Based on the method
recommended by Maqulelra et al. [30], the adsorption capacities
of the self-prepared alumina hollow fiber for Cu, Mn and Ni were
investigated and the results are listed in Table 3. For compari-
son, Table 3 also showed the adsorption capacity data of other
nanometer sized materials and mesoporous oxides reported in the
literatures [29,31-35]. As can be seen, the adsorption capacity of
the alumina hollow fiber for the target metals ions is higher than
that obtained by multiwall carbon nanotubes [35] and Pyrogallol
Immobilized Amberlite XAD-2 [34], comparable with that obtained
by nanometer-sized ZrO, [33] and TiO, [32] and mesoporous TiO,
[31] adsorbents, but smaller than that reported in Ref. [29].

Regeneration is another important characteristic to evaluate the
performance of employed adsorption material. By performing the
adsorption and desorption repeatedly, it was found that 2.5 mol L-!
HCl could regenerate the alumina hollow fiber and the alumina hol-
low fiber could be reused for more than 20 times without obvious
loss of analytical performance.

3.2.5. Effects of coexisting ions

The interference induced by common coexisting ions, such as K*,
Na*, Ca2*, Mg2*, Fe3*, and Zn2*, on the preconcentration and deter-
mination of target analytes (0.2 wg mL~!) were examined under the
optimum conditions, and the results are summarized in Table 4.
As can be seen, up to 3000 wgmL-1! of K*, 5000 g mL~! of Na*,
2000 pgmL~! Ca?* and Mg?*, 50 pgmL~! of Fe3*, 10 ugmL~! of
Zn?*, 3500 pg mL~! of CI-, 5000 pg mL~! of SO42~, 20 pgmL~! of
CH3COO~ and 500 pgmL~! of CO32~ had no significant interfer-

Element GSBZ50009-88
Found (mgL~1) Certified (mgL~")
Cu 1.44+£0.230 1.49+0.116
Mn n.d. -
Ni 0.85+0.043 0.886+0.036

n.d.: not detected.

ences on the preconcentration and determination of target metal
ions, indicating an application potential of the proposed method in
real sample analysis [36].

3.3. Analytical performance

Under the optimized operating conditions, a preconcentration
time of 10 min and elution time of 1min resulted in a sampling
frequency of 5h~1. The detection limits (evaluated as the con-
centration corresponding to three times the standard deviation
of 11 runs of the blank solution) obtained by on-line FI-MSPME-
ICP-OES system were 0.88, 0.61 and 0.38 ngmL"! for Cu, Mn and
Ni, respectively. The reproducibility of the proposed method was
also evaluated and the relative standard deviations (RSDs) (n=7,
c=10ngmL-1) were calculated to be 7.9, 6.2 and 7.2% for Cu, Mn
and Ni, respectively.

3.4. Sample analysis

The accuracy of the proposed method was validated by deter-
mining target metal ions in the certified reference material
GSBZ50009-88 environmental water, and the analytical results are
given in Table 5. As can be seen, the determined values were in
good agreement with the certified values.

The proposed method was also applied to the determination of
target analytes in real water samples including Yangtze River water
and East Lake water. The analytical results and the recoveries for
the spiked samples are given in Table 6. It can be seen that the
recoveries for the spiked samples are between 87.4 and 110.2%.

Table 6
Analytical results of Cu, Mn and Ni in water samples (mean +SD, n=3).
Element Yangtze river Eastlake
Added (ngmL-1") Found (ngmL-1) Recovery (%) Added (ngmL-1) Found (ngmL-1) Recovery (%)
Cu 0 33+04 - 0 3.0+04 -
10 143 + 0.8 110.2 5 79 + 0.8 98.6
Mn 0 24 +03 - 0 50+ 0.7 -
10 124 + 1.8 100.5 5 9.8 £ 0.6 96.7
Ni 0 7.7 £ 0.9 - 0 55+09 -
10 16.1 + 1.7 874 5 10.0 + 1.0 90.3
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4. Conclusions

Alumina hollow fiber was successfully synthesized by sol-gel
method with template process and characterized by various tech-
niques. The as-synthesized alumina hollow fiber was featured with
porous structure, large surface area and high adsorption capac-
ity and its application potential as a novel adsorption material
for membrane solid phase microextraction (MSPME) of the target
metal ions has been demonstrated by on line FI-MSPME-ICP-OES
determination of trace Cu, Mn and Ni in environmental water sam-
ples.
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