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Abstract: A new extracting polymer wool was prepared
from polystyrene (PS) and the commercial extractant Ali-
quat 336 by electrospinning and its potential as a pack-
ing material for an online preconcentration column in
an automated flow injection system was investigated for
the determination of thiocyanate (SCN−). The formation of
the wool fibres was confirmed by scanning electron mi-
croscopy (SEM). The polymer wool was inserted into a
glass tube to prepare a column. SCN− solutions of different
volumes (2-10 mL) were passed through the fibre-packed
column where SCN− was extracted by the fibres. The col-
umnwas then elutedwith a small volume of 1MNaNO3 so-
lution. The eluate wasmixedwith an iron(III) solution and
the resulting coloured complex (FeSCN2+) was detected
colorimetrically. The system successfully achieved 21-fold
preconcentration of SCN−. A linear calibration curve was
obtained in the range from 0.02 to 1.0 mg L−1 SCN− with
a sampling rate of 9 h−1. To the authors’ best knowledge
this is the first time electrospun fibres containing a liquid
extractant have been used for preconcentration in a flow
analysis system.
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1 Introduction
Sample pretreatment is one of the most time-consuming
and labour-intensive steps in many analytical pro-
cesses [1]. Flow injection analysis (FIA) is a powerful tech-
nique for online sample pretreatment that can be easily
automated and therefore is highly efficient in reducing
the overall analysis time [2]. Liquid-liquid extraction is
one of the most versatile techniques to separate an ana-
lyte from a sample matrix to achieve enhanced selectivity
or to preconcentrate an analyte to enhance the detection
sensitivity [3]. Since its first use in FIA by Karlberg and
Thelander in 1978 [4], this powerful separation technique
has been used in numerous other flow analysis meth-
ods [5]. Membrane-based separation techniques based on
liquid-liquid extraction have gained popularity in FIA,
as they can be easily implemented into the correspond-
ing flow-through manifolds. Most of these techniques use
supported liquidmembranes (SLMs), inwhich the pores of
a hydrophobic microporous membrane are impregnated
with an organic liquid extracting solution [6–9]. The ex-
tracting solution is held in the membrane pores by rela-
tively weak capillary forces, hence gradual loss of the ex-
tracting solution into the adjacent aqueous phases results
in poor membrane stability and a short lifetime [10]. Re-
cently a new type of membranes, known as polymer inclu-
sion membranes (PIMs), has attracted increasing interest
for use in analytical separation and pre-concentration [11–
14]. PIMs are typically formed by casting a solution of a
base-polymer and a liquid extractant in a volatile solvent
and allowing the solvent to evaporate slowly. In a PIM,
the extractant is trapped within the matrix of the entan-
gled polymer chains and this structure can offer a higher
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stability compared to an SLM while maintaining the se-
lectivity of solvent extraction [10]. Zhang et al. [12] used
a flat sheet PIM containing poly(vinyl chloride) (PVC) as
the base-polymer, di(2-ethylhexyl) phosphoric acid as the
extractant, and dioctyl phthalate as the plasticiser in an
FIA system for the online separation and determination
of zinc(II). Nagul et al. [11] successfully used a flat sheet
PIM containing PVC and Aliquat 336 as the extractant in
another FIA system for the online separation and determi-
nation of reactive phosphate at trace levels.

The use of small particles as the packing material in
separation columns is widespread as they can offer a large
specific surface area to maximise contact with the sample
solution. Since PIMs can be cast in non-flat formats, the
use of amicrobead-packed column coatedwith a PIM layer
has been explored. Ohshima et al. [14] coated glass beads
in a glass columnwith a PIM layer containing PVC, Aliquat
336, and 1-tetradecanol and successfully used the column
in a flow system for the determination of SCN−.

The use of micro-beads as the column packing ma-
terial can greatly increase its specific surface area, how-
ever, such small particleswill create toohigh columnback-
pressures for the peristaltic or syringe pumps used in flow
analysis systems [15]. To avoid this problem, there has
been an increasing interest in the use of fibres as column
packingmaterials [16–19] becausefibreswith small diame-
ters can offer a large specific surface area without creating
a high back-pressure. A technique that can be used to pre-
pare fibres in which a liquid extractant is immobilised be-
tween the polymer chains of the fibres is electrospinning.

Electrospinning is a versatile and inexpensive tech-
nique to prepare fibres with diameters of tens of nanome-
tres to several micrometers from a wide range of materi-
als [20]. There have been previous studies which showed
that Aliquat 336 could be electrospun with a polymer to
form nanofibres [21, 22]. Wong et al. [21] prepared elec-
trospun fibre mats from PVC and Aliquat 336 and studied
their extraction properties for cadmium. Truong et al. [22]
reported successful fabrication of a non-woven nanofibre
mat which contained Aliquat 336 immobilised in PVDF-
HFP and its application for the removal of cadmium from
hydrochloric acid solutions by a batch method.

Electrospun fibres are typically collected as a nonwo-
ven mat, however, it is also possible to fabricate a less
dense 3 dimensional cotton-wool-like structure [23–26].
It can be expected that this type of material would be
suitable for packing a column because it would offer a
high specific surface area without producing a high back-
pressure. Cotton and wool, for example, have been suc-
cessfully used as the packing material for online precon-
centration columns. Faraji et al. [18] packed glass tubing

with cotton and used it for the online preconcentration of
copper(II) in water samples prior to determination by in-
ductively coupled plasma optical emission spectrometry.
Monasterio and Wuilloud [27] used functionalised sheep
wool as the packing material in an online preconcentra-
tion column coupled to a flame atomic absorption spec-
trometer for the determination of cadmium(II). The stud-
ies mentioned above suggest that electrospun cotton-wool
like fibres are likely to be suitable as packing materials for
preconcentration as well.

A series of studies have been conducted by Kang et
al. on the use of electrospun polystyrene fibres as a ma-
terial for solid phase extraction of organic molecules [15,
28–32]. They prepared fibre-packed solid phase extraction
columns by inserting segments of electrospun polystyrene
fibre mat into pippette tips and pressing it down. Extrac-
tion was carried out batch-wise by passing sample solu-
tions through the column using a syringe.

To the best of the authors’ knowledge, no study has
reported the use of electrospun PIM fibres for online pre-
concentration in flowanalysis. This study aimed to investi-
gate the preparation method for a polystyrene-based elec-
trospun cotton-wool-like fibrous material containing Ali-
quat 336 and its suitability as a column packing material
for online preconcentration of thiocyanate in flow analy-
sis.

2 Experimental Procedures

2.1 Materials

Polystyrene (PS) (Dow), Aliquat 336 (Sigma-
Aldrich), tetrahydrofuran (THF) (Merck), N,N-
dimethylformaldehyde (DMF) (Fisher Scientific)wereused
to prepare fibres. Potassium thiocyanate (Chem-Supply),
sodium nitrate (Chem-Supply), iron(III) nitrate nonahy-
drate (Sigma-Aldrich), nitric acid (Chem-Supply), am-
monium sulfate (Chem-Supply), sodium chloride (Chem-
Supply), and sodium sulfate (Chem-Supply) were used to
prepare standard solutions for ion chromatography and
flow analysis. All chemicals were used as received and
all aqueous solutions were prepared in deionized water
(18 MΩ cm, Millipore, Synergy 185, France).

2.2 Preparation of electrospun fibres

Polymer solutions for electrospinning were prepared by
dissolving 17% (w/w) of polystyrene and 7.3% (w/w) Ali-
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quat 336 in 0/10, 2/8, 4/6, 6/4, and 10/0 (w/w) DMF/THF.
The solution was loaded into a polypropylene syringe fit-
ted with a stainless steel needle. Needles with inner di-
ameters of 0.4-0.8 mm were tested. The tip of the needle
was ground flat with a metal grinder. The solution was
pumped using a syringe pump (New Era, USA) at a rate
of 0.5 mL h−1. A voltage of 10–25 kV was applied to the
needle. For the optimisation of the electrospinning param-
eters, fibres were collected for 1 min on a glass slide po-
sitioned on a flat stationary collector which was covered
with aluminium foil. The glass slides were observed under
a light microscope to confirm fibre formation. For the pro-
duction of fibres for column packing, the fibres were col-
lected on an aluminium foil on an in-house rotating drum
collector as shown in Figure 1. The fibres were allowed to
dry in air at room temperature for at least 24 h before use.

Figure 1: Schematic diagram of the experimental electrospinning
setup

2.3 Scanning electron microscopy

The morphology of electrospun fibres was examined by
scanning electronmicroscopy (SEM)using aHitachi Table-
top Microscope TM3030 plus. The average diameter of
the electrospun fibres was determined using a Philips XL
30 field emission scanning electron microscope. Samples
were coatedwith iridiumprior to the imaging experiments.

2.4 Batch extraction and back-extraction of
thiocyanate

Fibre samples were conditioned prior to the extraction ex-
periments by immersing them in 50 mL of 1 M sodium ni-
trate solution for 20 h with shaking on an orbital shaker
(Edmund Büchlar 7400 Tübingen KS10) at 150 rpm. Sam-
ples were removed from the conditioning solution and
rinsed with a small amount (approx. 25 mL) of 1 M sodium

sulfate solution on a Hirsh funnel with vacuum filtering
and left for 10 min to dry. The batch extraction experi-
ments were carried out by immersing 105 ± 10 mg of fibres
in 50 mL of 125 mg L−1 SCN− feed solution in a glass jar
with shaking on the orbital shaker at 150 rpm. The fibres
were vacuum-filtered after the extraction experiment to re-
move the residual SCN− feed solution. Back-extraction ex-
periments were carried out in a similar manner using 1 M
sodium nitrate stripping solution. Both the extraction and
back-extraction experimentswere carried out in duplicate.
The SCN− concentration in the collected samples was de-
termined using a flow injection system similar to the one
described previously [33].

2.5 Flow analysis

2.5.1 Preparation of fibre-packed columns

Glass tubing with an internal diameter of 1.8 mm was cut
into an appropriate length to prepare columns. A segment
of PS/Aliquat 336 fibre wool was cut into an appropriate
length and inserted into the glass tube. As the polymer
wool was soft and easily compressible when a force was
applied, a thin fluorocarbon string (fishing line, diameter
= 0.3mm)was used as a guide as depicted in Figure 2 to in-
sert the wool into the tube without pressing it. A segment
of fibre wool of required length was cut out and collected
on a string and was pulled through the glass tube so that
the polymer wool filled the whole length of the tube. Ex-
cess string and fibres that protruded from each side of the
glass tube were cut off. The columnwas then connected to
the PTFE tubing of the FIA system using small segments
of Tygon tubing. The maximum length of the column that
could be prepared was 15 cm because of difficulties with
the insertion of the fibres.

The average void volume of fibre-packed column was
determined to be 93%with a relative standard deviation of
2% (n = 3) by measuring the mass of deionised water that
occupied the void volumes of three 5-cm columns.

2.5.2 Flow analysis manifold

The flow analysis manifold constructed in this study was
based on a FIAlab 3500 (FIALab, USA) sequential and
flow injection analyser. The schematic diagram of the sys-
tem is shown in Figure 3a. Solutions were delivered us-
ing a peristaltic pump included in the FIAlab 3500 anal-
yser fitted with Tygon tubing (TACS, Australia). Flow rates
were determined by weighing the mass of water pumped
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Figure 2: Preparation of fibre-packed columns (a) and a photograph
of the polymer wool and the fibre-packed column (b)

through the system in 1 min. A Valco rotary injection valve
(Model 12P-0166L) together with a Valco two position ac-
tuator control module (Model E2CA) were used to control
whether the sample solution or the stripping solutionwere
directed to the column (Figure 3b). Teflon tubing of 0.5mm
internal diameter (Supelco, USA) was used in constructing
the flow system except for the section immediately down-
stream of the column where 0.3 mm tubing was used to
enhance the back-pressure. A 20 cm serpentine mixing
coil was used to enhance mixing of the analyte with the
reagent. Absorbanceof the solutionpassing throughanUl-
tem Z-cell with an optical path length of 10 mm (FIAlab,
USA) was measured by a spectrophotometer (Ocean Op-
tics 4000, USA) equipped with a tungsten halogen lamp
(Ocean Optics LS1, USA) light source.

Flow analysis was conducted according to the proce-
dures described in Table 1. Each column was conditioned
by passing 1 M sodium nitrate solution for 10 min to con-
vert Aliquat 336 from its chloride form to its nitrate form,
and then deionizedwater was passed for 50min to remove
any excess Aliquat 336.

Figure 3: Schematic diagram of the flow analysis manifold (a) and
valve positions (b)

3 Results and discussion

3.1 Optimisation of the electrospinning
procedures

3.1.1 Polymer/extractant solution

DMF, THF, and their mixture have been widely used as a
solvent system for electrospinning of PS [29, 34, 35]. The
usability of DMF/THFmixtures as the solvents for the elec-
trospinning solution containing PS and Aliquat 336 was
tested. Solutions containing 17 wt% PS [9] and Aliquat 336
in the ratio of 7/3 (w/w) were prepared inmixtures of DMF/
THF with ratios of 0/10, 2/8, 4/6, 6/4, and 10/0 (w/w). Vi-
sual observation of the solutions is summarised in Table
2. A homogeneous solution was obtained with 0/10, 2/8,
and 4/6 (w/w) DMF/THF ratios. Phase separation occurred
and the solution turned turbid when 4/6 and 10/0 (w/w)
DMF/THFmixtureswere used.Hence the 0/10, 2/8, and4/6
(w/w)DMF/THFmixtureswere used to prepare the electro-
spinning solutions for the optimisation of the electrospin-
ning parameters described in Section 3.1.2.

3.1.2 Electrospinning parameters

Optimisation of the electrospinning parameters was car-
ried out using the three solutions which were found to be
clear (Table 2). The feed rate was set at 0.5 mL h−1. A nee-
dle with a 0.4 mm internal diameter was used because it
was found that a stable jet formation couldnot be achieved
when needles with larger diameters (0.6 and 0.8mm)were
used. The electrospinnability of the solutions was evalu-
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Table 1: Description of the analytical method. Solutions were pumped continuously at a constant flow rate

Step Action Outcome
Initial Injection valve set to Position 2 Direct stripping solution through column
1 Reference scan and start absorbance measurement Measure absorbance at 480 nm
2 Injection valve set to Position 1 Direct sample solution through column
3 Wait pre-determined period of time SCN− in sample is extracted by the fibres in the

column
4 Injection valve set to Position 2 Direct stripping solution through the column
5 Wait pre-determined period of time SCN− in the column fibres is back-extracted into a

stripping solution and latter merges with the Fe3+

reagent.
Baseline recovery

6 Stop absorbance measurement End of the measurement

Table 2: Appearance of PS/Aliquat 336 solutions with different
mass ratios of DMF/THF

DMF/THF (w/w) Appearance of solution
0/10 Clear
2/8 Clear
4/6 Clear
6/4 Slightly turbid
10/0 Turbid

ated using voltages ranging between 10 and 25 kV and the
working distance (distance from the tip of the needle to the
collector) between 10 – 25 cm.When 10 kV voltage was ap-
plied, a polymer jet did not form at all or the jet formation
was unstable for all solutions and working distances.

The solution prepared in 100% THF was the least
electrospinnable. This observation is consistent with the
observation of Pattamaprom et al. [34] where a PS solu-
tion prepared in DMF has been found to be more electro-
spinnable than a solution prepared in THF. A stable poly-
mer jet did not form at voltages of 10 and 15 kV. Some fibre
formation was observed at 20 and 25 kV, however, fibres
tended to solidify quickly while they were still close to the
needle tip thus they were not collected on the collector as
desired.

When the 2/8 (w/w) DMF/THF solvent ratio was used,
a desired wool-like structure was obtained at 20 kV of ap-
plied voltage and the product appeared to have the best
yield when the working distance was 15 cm. The 4/6 (w/w)
DMF/THF solvent ratio solution was also mostly electro-
spinnable, with a relatively good yield when 20 kV were
used, and made some fibres at 15 kV (working distance =
10 and 20 cm) and 25 kV (15 and 20 cm) although the yield
was low. Fibres obtained at 4/6 (w/w)DMF/THF solvent ra-

Figure 4: Photograph of electrospun fibres collected on a drum
collector. The electrospinning solution contained 17% PS and 7.3 %
Aliquat 336 dissolved in a solvent consisting of 2/8 (w/w) DMF/THF

tio appeared to be softer than the fibres produced at the
other two DMF/THF solvent ratios. This may be because
the 4/6 (w/w) DMF/THF solution had a higher concentra-
tion of high-boiling point DMF and the polymer jet trav-
elled a longer distance and thinned out before it solidified.
Softer fibres are more prone to compression, which is not
desirable when they are used as a column packing mate-
rial.

The optimal electrospinning conditions were deter-
mined as: 2/8 (w/w) DMF/THF, 20 kV voltage and 15 cm
working distance. Under these conditions a fluffy, wool-
like three-dimensional fibre structurewas obtained in a re-
producible manner (Figure 4). The mean diameter of the
fibres was determined to be 1.3 µmwith a standard devia-
tion of 0.3 µm (n = 50) using SEM software.
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3.2 Extraction and back-extraction batch
experiments

Extraction and back-extraction batch experiments were
conducted to evaluate the ability of the electrospun
PS/Aliquat 336 fibres to extract thiocyanate which could
then be back-extracted.

The results of extraction/back-extraction experiments
are shown in Figure 5. Electrospun fibres extracted SCN−

rapidly and equilibrium was reached in 0.5 h. The extrac-
tion capacity of the fibres was calculated to be 30.7 mg
SCN− / g of fibres. SCN− was also back-extracted rapidly
from thefibres and equilibriumwas achieved in0.5 hwhen
92% SCN− was back-extracted. This result shows that the
PS/Aliquat 336 fibre wool is a promising material for on-
line preconcentration of thiocyanate.

3.3 Flow analysis

3.3.1 Column SCN− extraction capacity

The SCN− extraction capacity of a column packed with the
wool according to the procedure described in Section 2.5.1
was determined by pumping 10 mL of a 5 mg L−1 SCN− so-
lution through the 50 mm column (fibre mass = 0.0063 g)
and merging the eluent with the colorimetric reagent. The
absorbancewas continuously recorded at 480nmuntil the
signal reached a plateau, at which point the maximum ca-
pacity of the column for SCN− had been reached. Exper-
iments were carried out in triplicate. Each transient ab-
sorbance curve was converted to transient concentration
curvebymeansof anappropriate calibration curve and the
area under this curve was obtained using the FIAlab soft-
ware. Themass of SCN− retained on the columnwas calcu-
lated using the following equation. Qunretained = V

∫︀
Cdt

where V was the flow rate (L s−1) and
∫︀
Cdt was the

area under the transient concentration curve in mg L−1 s.
The mass of SCN− that was retained by the column

(Qretained) was then calculated by subtracting Qunretained
from the total mass of SCN− (Qtotal) present in the 10 mL
solution.

It should be noted that the wool was treated initially
by passing 1 M sodium nitrate solution through the col-
umn for 10min to convert Aliquat 336 chloride to its nitrate
form, followed by passing deionized water for 50 min to
remove any excess Aliquat 336 and to obtain a stable base-
line.

The columnwas determined to extract 11.6 µg of SCN−

which equates to an SCN− extraction capacity of approx-
imately 1.75 mg/g. Ohshima et al. observed that their col-

umnpackedwith beads coatedwith a layer of PVC/Aliquat
336 filmwhich had a length of 200mm could extract 37 µg
of SCN− [14] which gives an extraction capacity of approx-
imately 8.4 mg/g. The lower extraction capacity of the ex-
tracting polymer wool compared to the packing developed
by Ohshima et al. [14] is probably due to themore substan-
tial loss of extractant during the column conditioning pro-
cess in the former case as a result of the much higher spe-
cific surface area of the extracting polymer wool.

The low extraction capacity of the wool packed col-
umn compared to the batch extraction experiments can be
explained by the loss of Aliquat 336 during the dynamic in
nature columnconditioningprocess inwhich thewoolwas
exposed to a stream of deionized water while under batch
conditions there was no such conditioning step. It should
be pointed out that the column conditioning process using
deionized water was found to be essential for obtaining a
stable baseline.

3.3.2 Column length

The effect of the column length was studied in the
range of 1 to 15 cm using a standard solution containing
1mgL−1 SCN−. Sample volumewas4.0mL. ExtractedSCN−

was stripped with 3.0 mL of a stripping solution contain-
ing 1M NaNO3. Both solutions were pumped at a flow rate
of 1.0 mL min−1. The relative peak height for each column
length is shown in Figure 6.

Experiments were carried out in triplicate and the re-
sults are shown as the average of 3 experiments. It can
be seen that the error bars are quite large for all column
lengths which reflects the difficulty in packing a set of
three columns reproducibly. The average peak heights for
the shorter columns (1-5 cm) are relatively close, however,
the reproducibility decreases as the length decreases in-
dicating that reproducible packing is more difficult for
shorter columns. With longer columns (10 cm and 15 cm),
the peak height decreases due to increased dispersion of
SCN− while it is passing through the fibrous structure in
the column. From these results, 5 cm was selected as the
optimum column length and was used in the subsequent
experiments.

3.3.3 Flow rate

The relative peak heights for four different flow rates, 0.2,
0.4, 1.0, and 1.6 mLmin−1, are shown in Figure 7. The sam-
ple, stripping solution and reagent streams had the same
flow rates. There is no significant difference between the
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Figure 5: Extraction (a) and back-extraction (b) of SCN− using electrospun fibres containing 7/3 (w/w) PS/Aliquat 336. Experimental con-
ditions: fibre mass = 105 ± 10 mg, solution volume = 50 mL, (a) 125 mg L−1 SCN−, (b) 1M NaNO3. Data points are the average of two experi-
ments. Error bars = ±SD (n = 2)

Figure 6: Effect of column length. Relative peak heights for different
column lengths between 1 and 15 cm, Peak height for 5 cm column
= 1. Flow rate = 1.0 mL min−1. Data points are the average of three
experiments. Error bars = ±SD (n = 3)

peak heights for all the flow rates studied. Ohshima et
al. [14] observed some peak tailing and a decrease in peak
height for their PIM-based preconcentration system when
a higher flow rate was used and selected 0.2 mL min−1

as the optimum flow rate. In this study, the relative peak
height was the highest at 1.0 mL min−1when compared to
those at 0.2 mL min−1, 0.4 mL min−1, 1.6 mL min−1. The
repeatability for 1.6 mL min−1 flow rate was low (RSD =
5.8%), which is probably because the segment of the so-
lution that contained SCN− passed through the flow cell

Figure 7: Relative peak heights at four different flow rates (peak
height for 1.0 mL min−1 = 1). The error bars show ± SD (n = 3). Sam-
ple volume = 4 mL, SCN− concentration in the sample solution = 1
mg L−1

too quickly and therefore the peakheightmeasurement for
the section containing the highest SCN− concentration did
not take place reliably at the scan rate of the spectropho-
tometer. A flow rate of 1.0 mL min−1 was selected as the
optimum flow rate to achieve maximum peak height and
sample throughputwhilemaintaining acceptable repeata-
bility (RSD = 2.5%).
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Figure 8: Effect of sample volume on relative peak height and sam-
ple throughput. Sample = 1 mg L−1 SCN− solution. The data points
are the average of three injections. Error bars = ±SD

3.3.4 Sample volume

The effect of the sample volumewas studied by varying the
period of time during which a 1 mg L−1 SCN− solution was
passed through the column. Sample introduction times of
2, 4, 6, 8, and 10minwere evaluated, corresponding to 2, 4,
6, 8, and 10 mL, respectively. The results are shown in Fig-
ure 8. As expected, the peak height increased almost lin-
early as the sample volume increased. This means a larger
sample volume is desirable to achieve better sensitivity.
The sample throughput, however, would be sacrificed if
a larger sample volume is used. Sample throughput rates
were 21, 12, 8.7, 6.8, and 5.5 h−1 for 2, 4, 6, 8, and 10 mL of
sample volume, respectively. As a compromise, 4 mL was
selected as an acceptable sample volume that can provide
sufficient peak height with a reasonable sample through-
put. It should be noted that the sample volume can be ad-
justed according to the expected concentration range thus
further increasing the sample throughput for sampleswith
higher SCN− concentrations.

3.3.5 Column stability

The stability of the fibre-packed column was examined by
comparing the normalized peak heights of 10 consecutive
injections. The results are shown in Figure 9. The normal-
ized peak heights, calculated as the ratio between peak
height and the first peak height, remained close to 1 over
10 injections thus indicating excellent column stability.

Figure 9: Normalized peak heights (= peak height/first peak height)
of 10 consecutive injections. Column length = 5 cm. Sample = 1
mg L−1 SCN− solution. Sample volume = 4.0 mL. Flow rate = 1.0 mL
min−1. The data are the average of three columns. Error bars = ±SD

SEM images of the PS/Aliquat 336 fibres before and af-
ter being used in flow analysis are shown in Figure 10. It
can be seen that fibre web structures were obtained with
homogeneous and bead-free morphology. The surface of
the fibres was relatively smooth. The joints of the fibres
were welded together, which indicated that the fibres still
contained some residual solvent when they were collected
on the collector. The morphology of the fibres after being
used inflowanalysis experimentswas similar to that of un-
used fibres. The fibres appeared to be stable after their ex-
posure to aqueous solutions of SCN− and NaNO3 that were
used in flow analysis.

3.3.6 Analytical figures of merit

A linear calibration curve with a correlation coefficient
of 0.999 was constructed under optimal conditions in the
range between 0.02 and 1.0 mg L−1 SCN− (Figure 11). The
newly developed flow analysis method is characterised by
sensitivity of 0.615 absorbance units per mg L−1 SCN− and
a precision, expressed as relative standard deviation, of
1.6% at SCN− concentration of 1.0 mg L−1 (average of 3
columns, n = 10 for each column). The preconcentration
factor was calculated to be 21 by the following equation:

Preconcentration factor = S
S0

where S is the sensitivity of the newly developed method
and S0 is the sensitivity obtained using a flow systemwith-
out a preconcentration column. The limit of detection, cal-
culated as three times the standard deviation of the blank,
was 5 µg L−1. These results suggest that this flow analysis
method and the corresponding flow systemare suitable for
the quantitative determination of SCN− in water samples.
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Figure 10: SEM images of PS/Aliquat 336 fibres before use (a) and
after flow analysis experiments (b). Scale bar = 20 µm

4 Conclusions
In this work a method for preparing a wool-like fibrous
material from polystyrene and Aliquat 336 by electrospin-
ning was developed which acted as a solid state anion-
exchanger. The optimal electrospinning conditions for the
production of this extracting polymer wool were found to
include an applied voltage of 20 kVand aworking distance
of 15 cm for a solution of 17% PS and 7.3% Aliquat 336 in
2/8 (w/w) DMF/THF solvent, pumped at 0.5 mL h−1. The
polymer wool was successfully used as a packing mate-
rial in a pre-concentration column which formed part of
a flow analysis system for the determination of SCN−. The
SCN− ion in the sample was first extracted into the wool
by exchanging with NO−

3 of Aliquat 336, preconditioned

Figure 11: Calibration curve for standard solutions containing 0.02
– 1.0 mg L−1 SCN−. Flow rate = 1.0 mL min−1, column length = 5.0
cm, sample volume = 4.0 mL. R2 = 0.999. The data points are the
average of three injections. Error bars = ± SD

in NaNO3 solution, and was then back-extracted with 1 M
NaNO3 solution and determined colorimetrically by a re-
action with Fe(III).

The system provided a linear calibration curve in the
range from 0.02 to 1.0 mg L−1 SCN− with a correlation coef-
ficient of 0.999 and a preconcentration factor of 21. These
results provide a proof of concept for the possibility of us-
ing extracting polymer wool consisting of polymeric fibres
containing Aliquat 336 as a column packing material. As
electrospinning is a versatile technique to produce fibres
from a wide range of materials, there is the potential for
producing column packing wools incorporating various
extractants and polymers which will be applicable for the
separation and preconcentration of different analytes.
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