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Abstract In this research, polystyrene nanofibers were syn-
thesized by electrospinning method and used as adsorbent
in solid-phase extraction of Disulfine blue from aqueous
solutions. Some important parameters affecting extraction
efficiency including sample flow rate through the adsor-
bent, ionic strength, pH of the sample solution, weight of
adsorbent, volume, and type of eluent were evaluated and
optimized. Under the optimized conditions, the calibration
graph was linear in the range of 6.4–1000µg L−1 with cor-
relation coefficient (r2) of 0.9962. The limit of detection and
enhancement factor of proposed method, for extraction from
50mL sample solution, were obtained as 2 µg L−1 and 9.5,
respectively. Finally, the proposed method was successfully
applied for extraction and measurement of Disulfine blue
from real samples, and satisfactory results were obtained.

Keywords Nanofibers · Electrospinning · Solid-phase
extraction · Disulfine blue

1 Introduction

Nanofibers generally are considered as fibers with diameters
less than 1µm [1]. Nanofibers have several characteristics
such as very high surface-to-volume ratio, superior mechan-
ical performance, and tunable porosity. These prominent
properties make them as a good option for many significant
applications [2]. There are several methods for producing
fibers. The most of them that generate polymeric fibers in
nanoscale are drawing [3], template synthesis [4], phase
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separation [5], self-assembly [6], and electrospinning [7,8].
Among these, electrospinning is a simple and inexpensive
technique and can be used for a wide range of polymer
and copolymer materials by using high electrostatic forces
[9,10]. Furthermore, the morphology and diameter of elec-
trospunfibers canbe easily controlled in awide range (several
nanometers to several micrometers) by spinning conditions
such as solution parameters (concentration and molecular
weight of polymer, viscosity, conductivity, and surface ten-
sion of solution), process parameters (applied electric field,
feed rate, and tip to collector distance), and ambient para-
meters (the humidity and temperature during the process)
[11–13]. Electrospun nanofiber membranes can be used as
sorbent for extraction and preconcentration methods due to
their larger specific surface area and flexibility in surface
functionalities [14].

Solid-phase extraction (SPE) is one of the useful sample
preparationmethods that are used for cleanup, extraction, and
preconcentration of target analytes from aqueous samples. It
is an attractive method that reduces extraction time, disposal
costs, and solvent consumption [15,16]. The type and prop-
erties of the adsorbent materials are the most important part
of SPE procedure because they have direct influence on the
sample selectivity and adsorption capacity [17]. SPE can be
used for extraction and preconcentration of different types of
metal ions [18,19], various organic compounds [20], pharma-
ceutical compounds [21], and environmental pollutants [22].
Some researchers successfully used electrospun polystyrene
nanofibers for extraction and removal of pollutants from real
samples [22–25].

Dyes are the most important water pollutants and often
are resistant against physical, chemical, and biological treat-
ment processes [26]. Disulfine blue (VN 150) is a hazardous
dye that is widely used for dyeing of wool and silk, carbon
paper, cosmetics, and leather [27,28]. It shows several side
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effects such as eye and skin sensitivity. Also, inhalation of its
dust may cause digestion and respiratory tract irritation. So,
extraction and preconcentration of Disulfine blue is required
for its determination in lowconcentration levels or in polluted
water samples where the direct photometric measurement is
not possible.

In this work, polystyrene nanofibers (PS NFs) were pro-
duced via electrospinning method, and the morphology and
diameter of NFs were studied by SEM technique. Then, their
capability as adsorbent in SPE for extraction ofDisulfine blue
from aqueous solutions was investigated. In order to achieve
higher extraction efficiency, the experimental parameters
affecting the extraction performance were investigated and
optimized using univariate method.

2 Experimental

2.1 Chemicals and Materials

All materials used in this study, including dimethyl for-
mamide (DMF), tetrahydrofuran (THF), methanol (MeOH),
ethanol (EtOH), sodium chloride, hydrochloric acid (37%
w/w), sodium hydroxide, and Disulfine blue (Acid Blue, 1
Hydrogen [4-[4-(diethylamino)-2′,4′-disulfonatobenzhydry
lidene]cyclohexa-2,5-dien-1-ylidene] diethyl ammonium,
sodium salt), were purchased with high purity from Merck
(Darmstadt, Germany), Sigma-Aldrich (Milwaukee, WI,
USA), and Merck Millipore companies. PS granules were
purchased from Tabriz Petrochemical with industrial code
of GPPS 1460, melt flow index (200 ◦C–5kg): 6.5g/10min,
and density: 1.04kg L−1 (Tabriz, Iran). All stock and work-
ing solutions were prepared using double distilled water.

Standard stock solution of Disulfine blue (Fig. 1) was pre-
pared in double distilledwaterwith a concentration of 100mg
L−1 and stored in a refrigerator at 4 ◦C. Required concentra-
tions of Disulfine blue were prepared by diluting the stock
standard solution with double distilled water.

2.2 Instruments

The syringe pump and high-voltage power supply were pur-
chased from Fanavaran Nano-Meghyas Company (Tehran,
Iran). For protection against high voltage, electrospinning
processwas carried out in a handmade box (90×50×60 cm).
The UV–Vis spectrophotometer from Mapada Company
(6300PC, China) was applied for spectrophotometric mea-
surement of Disulfine blue. SEM images were obtained with
a Seron Technology AIS2100 SEM instruments. The hand-
made glass cartridge was made with a glass tube length of
10cm and inner diameter of 1cm. The vacuum pump was
used from Sparmax (TC2000 MV, Taiwan), and the pH of
solutions was measured using EDT pH meter (GP 353, Eng-
land).

Fig. 1 Chemical structure of Disulfine blue

2.3 Electrospinning Synthesis of Nanofibers

For the electrospinning synthesis of PS NFs, firstly some
of the experimental factors affecting the conversion of
polymeric solution into NFs including PS concentration in
solution, inner diameter of the needle, polymeric solution
feed rate, magnitude of applied voltage, and distance of
needle tip to collector were investigated and optimized (PS
concentration: 15% w/v, syringe inner diameter: 0.4mm,
feed rate: 0.1mL h−1, distance to collector: 15cm, voltage:
20kV). For synthesis of PS NFs, PS solution (15%w/v) was
prepared in a mixture of DMF:THF (8:2, v/v), and the solu-
tion was stirred for 5h at room temperature. This solution
was loaded into a 10mL polyethylene syringe (inner diam-
eter: 0.4mm) equipped with a flat steel syringe needle and
placed into a syringe pump. The feed rate of precursor poly-
meric solution from syringe was set at 0.1mL h−1 on the
syringe pump. The distance between the needle tip and the
aluminum collector plate was adjusted as 15cm. The anode
was connected to needle, a grounded electrode to the col-
lector, and a high voltage of 20kV was applied between the
needle and the collector. Finally, PS NFs were produced on
the aluminum collector. A schematic diagram of electrospin-
ning method is shown in Fig. 2.

2.4 Electrospun PS NFs as Adsorbent for Solid-Phase
Extraction

A certain weight of synthesized PS NFs was used as adsor-
bent in SPE method. For this purpose, electrospun PS NFs
were packed compactly into a 10cm handmade glass car-
tridge between two pieces of cotton to retain the PS NFs
in the cartridge. The cartridge was connected to a vacuum
pump using a vacuum Erlenmeyer. The PS NFs were pre-
conditioned with passing 2mL ofMeOH and 4mL of double
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Fig. 2 A schematic diagram of the electrospinning method

distilled water to clean it from possible interferences and
to achieve maximum extraction efficiency. Then, 50mL of
aqueous sample of Disulfine blue (1mgL−1) was loaded
through the cartridge at different flow rates. At this step, ana-
lyte was adsorbed on the surface of adsorbent and changed
its color from white to blue. After that, elution step was done
by 3mL of MeOH to desorb dye from the surface of PS NFs,
and the eluted dye was determined by UV–Vis spectroscopy
at λmax = 638 nm.

3 Results and Discussion

Disulfine blue can be adsorbed and extracted on the surface
of packed PSNFs via π–π interactions between the aromatic
groups in Disulfine blue and benzene rings in polymer struc-
ture. To achieve the best performance of adsorption, various
experimental parameters affecting the electrospinning and
SPE procedures were investigated and optimized.

3.1 Optimization of Electrospinning Condition for
Preparation of PS NFs

In order to optimize the electrospinning conditions, the
concentration of PS solutions (15–25% w/v), inner diam-
eters of the needle (0.4 and 0.3mm), the sample flow rate

(0.1–0.5mL h−1), the applied voltage (15–20kV), and the
distances between the needle and collector (15–20cm) were
studied and optimized. According to the results, optimized
electrospinning conditions were obtained as 15% w/v PS
concentration, 0.4mm needle diameter, 0.1mL h−1 sample
flow, 20kV voltage, and 15cm distance between the needle
and collector. At the optimum conditions of electrospinning
process, the product formation rate was 15mg h−1. Mor-
phology of synthesized PS NFs was studied using a scanning
electronmicroscope (SEM). As shown in Fig. 3, the diameter
of NFs was obtained between 380 and 500 nm.

3.2 Effect of Sample Flow Rate, Ionic Strength, and pH
on the SPE by Electrospun PS NFs

In the SPE, the sample flow rate through the NF adsorbent
is one of the critical parameters affecting the extraction effi-
ciency. The flow rate of dye sample solution was studied with
a controllable tap of the cartridge and a vacuum pump in the
range of 0.5–25mL min−1 (extraction conditions: 50mL of
5mg L−1 of Disulfine blue, pH 5.6, 0.015g PS NFs, eluting
solvent: 3mLMeOH). According to the results, for the lower
sampleflow rates (0.5–5mLmin−1), the extraction efficiency
was better than higher flow rates by a factor of 1.2 times due
to more contact times of sample with adsorbent. Therefore,
for reduction in extraction time, 2.5mL min−1 was selected
as optimum sample flow rate for further studies.

The presence of ionic species in sample decreases the
solubility of polar analytes in aqueous phase due to salting
out effect [29]. In this study, the effect of ionic strength of
the sample solution was examined with addition of sodium
chloride into the dye solution in the range of 0–15% w/v.
According to the results, the best extraction efficiency was
achieved with addition of 2% w/v sodium chloride salt
(extraction conditions: 50mL of 1mg L−1 of Disulfine blue,
pH 5.6, 0.015g PS NFs, sample flow rate: 2.5mL min−1,
eluting solvent: 3mL MeOH).

For the assessment of the effect of solution pH on the
extraction efficiency, the pH of the dye sample (1mg L−1)

was investigated in the pH range of 3–9. According to the

Fig. 3 SEM images of
polystyrene nanofibers
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Fig. 4 Effect of pH on the extraction efficiency (extraction conditions:
50mL of 1mg L−1 of Disulfine blue, salt addition: 2% w/v of NaCl,
0.015g PS nanofibers, sample flow rate: 2.5mL min−1, eluent solvent:
3mL MeOH)

results of Fig. 4, the best extraction efficiency was achieved
at pH 5.6.

At lower pHs, the sulfonate groups are protonated, and the
positive Disulfine blue cannot be adsorbed effectively on the
NFs surface. Also, at higher pHs, the net charge of dye was
negative, and it can repelled by the NFs that have negative
charge due to adsorption of hydroxyl groups. Therefore, pH
5.6 was selected as optimum pH for further experiments.

3.3 Effect of PS NF Weight on the SPE of Disulfine Blue

The effect of adsorbent weight on the extraction efficiency
was studied in the range of 0.005–0.1g of PS NFs, and the
results are shown in Fig. 5. With the increase in adsorbent
weight, more interaction was occurred between analyte and
adsorbent, and adsorption capacity of NFs increased. Using
cartridge containing greater adsorbent mass, more volume
of eluent solvent is required, which reduces the method sen-
sitivity. Considering to the results and cost-effectiveness of
synthesized NFs, 0.05g of PS NFs was selected as the opti-
mum weight for further studies.

3.4 Effect of Eluent Type and Volume

In order to desorb the Disulfine blue from the NFs, a proper
eluent solvent should be used to overcome the π–π inter-
actions between the aromatic groups in Disulfine blue and
benzene rings in NFs structure. For this purpose, MeOH
volumes in the range of 1.5–4 mL were passed through the
cartridge. As illustrated in Fig. 6, the highest preconcentra-
tion was achieved at 3mL of MeOH.

Lower volumes were not enough for completely desorp-
tion of Disulfine blue from NFs. On the other hand, with
increasing the eluent volume to more than 3mL, preconcen-
tration factor was reduced due to dilution of eluent phase.

Fig. 5 Effect of sorbent weight on the extraction efficiency (extraction
conditions: 50mL of 1mg L−1 of Disulfine blue, pH 5.6, salt addition:
2% w/v of NaCl, sample flow rate: 2.5mL min−1, eluent solvent: 3mL
MeOH)

Fig. 6 Effect of eluent volume on the extraction efficiency (extraction
conditions: 50mL of 1mg L−1 of Disulfine blue, pH 5.6, salt addition:
2% w/v of NaCl, sample flow rate: 2.5mL min−1)

To investigate the eluent type, 3mL of MeOH, EtOH, and
double distilled water was passed through the cartridge. The
results showed the elution order ofMeOH≥EtOH� double
distilled water for Disulfine blue desorption. Finally, MeOH
(3mL) was used as eluent for further studies.

3.5 Analytical Figures of Merit

The linear dynamic range (LDR), limit of detection (LOD),
limit of quantitation (LOQ), and enhancement factor (EF)
of the suggested method were investigated under optimized
conditions (1mg L−1 of Disulfine blue, pH 5.6, salt addition:
2%w/v ofNaCl, sample flow rate: 2.5mLmin−1, and sample
volume: 50mL). The calibration curves were obtained with-
out and after preconcentration of Disulfine blue. The LDR of
direct measurement without preconcentration was observed
in the range of 50–5000µg L−1 with correlation coefficient
(r2) of 0.99997, and the LDR after preconcentration was
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Table 1 Analytical results for determination of Disulfine blue in real
samples under the optimized conditions

Sample Added
(µg L−1)

Founda

(µgL−1)

Relative
recovery (%)

RSDb (%)
(n = 4)

Tap
water

50.0 54.2 ± 0.0018 108.5 2.9

Well
water

50.0 53.0 ± 0.0016 106.0 2.6

River
water

50.0 51.1 ± 0.0012 102.2 2.2

a Mean of four replicate ± standard deviation
b Relative standard deviation

achieved in the range of 6.4–1000µgL−1 with r2 of 0.9962.
TheLODandLOQof proposedmethodwere calculated from
CLOD = 3Sb/m andCLOQ = 10Sb/m that Sb is the standard
deviation of five replicate blank preconcentration, and m is
the slope of calibration graph after preconcentration [30]. The
LOD and LOQ of the proposed method were calculated as 2
and 6.4µg L−1 under optimized conditions. The EF of the
proposedmethod (as the ratio of the slope of calibration curve
after preconcentration to that without preconcentration) was
calculated as 9.5.

3.6 Analysis of Real Samples

To evaluate the applicability of the proposed SPEmethod for
extraction ofDisulfine blue from real samples, three real sam-
ples (tap, well, and river water samples) were investigated.
Firstly, all of the samples were extracted using proposed
method, and the results showed the absence of Disulfine blue
in samples. Secondly, in order to study the matrix effects,
the samples were spiked with 50µgL−1 of Disulfine blue.
The accuracy and precision of the method were examined by
extracting from50mLof each real sample under the optimum
conditions and expressed as relative recovery and relative
standard deviation percent (RSD%). As shown in Table 1,
the relative recoveries for SPE of Disulfine blue were varied
in the range of 102–108% and the RSD% were between 2.2
and 2.9%.

4 Conclusion

Electrospun nanofibers have large surface area and good
mechanical properties that can be suitable for extraction of
analytes by adsorption based on chemical or physical interac-
tions. The results show that using PSNFs as adsorbent in SPE
is an effective method for extraction and preconcentration of
Disulfine blue in different water samples. The recovery data
of proposedmethod for real samples showed the applicability
of the method for different aqueous samples.
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