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A method of ionic liquid-based hollow fiber liquid-phase microextraction enhanced elec-

trically was successfully developed and applied to the extraction and determination of

neutral red (NR) dye, which was selected as the model analyte. A room temperature ionic

liquid, 1-octyl-3-methylimidazolium hexafluorophosphate ([C8mim][PF6]), was placed in

the pores of a polytetrafluoethylene hollow fiber, which acts as a liquid membrane and the

acceptor solution. The extraction parameters affecting the enrichment factor of NR, such

as pH, extraction time, elution time, stirring rate, and the voltage were optimized. In

addition, UVeVisible (UVeVis) or electrochemiluminescence spectra were also determined.

The extraction rate and capacity of NR could be improved significantly by cathodic po-

larization. Under the optimized extraction conditions (organic liquid microextraction

phase [C8mim][PF6], pH 7, stirring rate 300 rpm, extraction time 20 minutes, ultrasonic-

assisted elution time 3 minutes, voltage �70 V), the detection limit of 0.38 mg/L and

linear correlation coefficient of r > 0.99 were obtained. The established method was suc-

cessfully applied to the analysis of three soft drink samples, which were spiked with NR

standards at the concentrations of 0.1, 1.0, and 5.0 mg/L, and satisfactory results were

obtained.

Copyright ª 2014, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan

LLC. Open access under CC BY-NC-ND license. 
1. Introduction

Because of the wide application of synthetic chemical dyes

there is a high-level risk of contamination to humans and

animals [1,2]. Therefore, identifying effective techniques to
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remove and determine the amount of dye in food and envi-

ronmental samples attracts noteworthy attention [3e5]. The

conventional methods for dye removal are trickling filter,

activated sludge, chemical coagulation, and photo-

degradation processes. However, most dyes, including

neutral red (NR, a cationic dye), show fairly high solubility in
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the aqueous media, and therefore, conventional methods are

ineffective [6e8]. Adsorption and extraction are well-known

separation processes and widely used [9e12]. Ionic liquid-

based liquid-phase extraction process is strongly favored

because of its unique physical and chemical properties,

including good dissolving capacity, lower volatility, high

thermal stability, simple regeneration, and low pollution

[13e16].

Hollow fiber liquid-phase microextraction (HF-LPME) is an

effective technology to preconcentrate or separate organic

pollutants [17e20]. Ionic liquid was placed in the pores of a

hollow fiber, and hollow fiber-supported liquid membrane

extraction method has been reported to have better stability

and more extraction efficiency. Ionic liquid-based HF-LPME

has many advantages over traditional liquideliquid extrac-

tion, such asmore safety, being environmentally friendly, and

possesses high enrichment factors. HF-LPME can be enhanced

by the application of electrical fields across the liquideliquid

interface. The electrical potential is the driving force for the

extraction, and the potentials are easily varied and controlled

from a power supply. Thus, extraction can easily be adjusted

by a simple change of the applied voltage, and the voltage can

be used to optimize the rate of extraction. In addition, it is

characterized by the compact size of the equipment,

simplicity of operation, and low capital and operating costs

[21e23].

In this study, we tried to establish a new method of HF-

LPME enhanced electrically, with NR as the target dye to

investigate the extraction characteristics. A room tempera-

ture ionic liquid 1-octyl-3-methylimidazolium hexa-

fluorophosphate ([C8mim][PF6]) was placed in the pores of a

polytetrafluoethylene hollow fiber, acting as a liquid mem-

brane and the acceptor solution. We optimized several pa-

rameters affecting the performance of the system, including

pH of the sample, extraction time, stirring rate, the electrical

field’s conditions, etc.

Under the optimized extraction conditions, the analyte

was separated and enriched effectively, and this facilitates

accurate determination of the extraction characteristics. For

general environmental samples, it is not necessary to detect

low levels of NR, and in such cases, direct spectrophotometry

determination is a commonly used method. However, for

some other samples (e.g., food samples), it is necessary to

detect even lower concentrations of the dye. It is well-known

that food safety problems are issues of serious concern. In

recent years, many food safety incidents were reported, for

example, melamine milk scandal, red duck egg (the carcino-

genic dye Sudan red), yellow croaker (tartrazine dye), dyed

steamed buns, lean meat powder. These food scandals have

given Chinese shoppers more cause for concern at the su-

permarket, and such contaminated food products cannot be

consumed. Before these food safety events were exposed,

lower levels of illegal additives (melamine, Sudan red, etc.)

were not an issue of concern [24,25].

Chemiluminescence and electrochemiluminescence (ECL)

have been applied in a number of fundamental studies and

bio-related applications [26e29]. As a powerful analytical

technique, there is an increased attention in applying ECL,

because of wide dynamic concentration range, simple optical

requirement for instruments, and excellent sensitivity to
obtain lower detection limits (DLs) of dye concentration. The

wider application of this method would potentially expand its

scope as a routine technique for real-sample analyses. Hence,

we also tried to realize the feasible detection at low concen-

trations of NR using the ECL system.
2. Experimental analysis

2.1. Apparatus and reagents

UVeVisible (UVeVis) absorption spectra were recorded using

a Persee general TU-1901 spectrophotometer (Beijing, China).

ECL intensity versus potential was detected using a lab-made

system, which consisted of a BPCL ultraweak chem-

iluminescence analyzer (Institute of Biophysics, Chinese

Academy of Sciences, Beijing, China) and a CHI model 1100A

electrochemical analyzer (Shanghai Chenghua Instrument

Co., Shanghai, China). A conventional three-electrode system

was used for the electrolytic system, including a glassy carbon

electrode as the working electrode, a platinum wire as the

counter electrode and an Ag/AgCl (saturated KCl) electrode as

the reference electrode. A homemade 5-mL cylindroid quartz

cell was used as ECL cell, and was placed directly in front of

the photomultiplier tube. The ECL spectra of the Ru(bpy)3
2þ/

(dibutylamino)etha (DBAE) and Ru(bpy)3
2þ/DBAE/NR systems

from 535 nm to 640 nm were obtained by putting a series of

filters between the ECL cell and the photomultiplier tube one

by one, and by successively recording the ECL intensity. Re-

sults showed that maximum ECL intensity could be obtained

at 620 nm. Therefore, all further experiments were tested

using the 620-nm filter.

[C8mim][PF6], NR, Ru(bpy)3
2þ, DBAE, HCl, NaOH, Na2CO3,

NaHCO3, ethanol, acetone, and polytetrafluoethylene hollow

fiber (250-mm wall thickness, 800-mm inner diameter, 0.45-mm

pore size, 75% porosity) were obtained from Sinopharm

Chemical Reagent Co. Ltd. (Shanghai, China). A stock solution

of NR was prepared by dissolving the powder in double-

distilled water and kept at 4�C. The pH of the solution was

adjusted by adding 0.01 mol/L HCl or NaOH solutions. All

chemicals used were of analytical grade.

2.2. Preparation of ionic liquid-based hollow fiber
containing an electrode

A stainless steel wire (70 mm � 1.0 mm i.d.) was cleaned,

dried, and coated with a thin layer of commercially available

epoxy adhesive system. The hollow fiber was cut manually

into 1-cm length piece; 100 such pieces were then immersed

in amixture solution of 0.3017 g [C8mim][PF6]/5mL acetone for

24 hours. By evaporating slowly until complete removal of

acetone, the ionic liquid was immobilized in the pores of the

hollow fiber. The prepared stainless steel wire was inserted

into the hollow fiber, thereby permitting application of a

voltage within this unit.

2.3. Extraction of NR on HF-LPME enhanced electrically

The homemade experimental apparatus included an electro-

sorption tank, a magnetic stirrer, a power supply, a platinum

http://dx.doi.org/10.1016/j.jfda.2014.03.006
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Fig. 2 e Effect of pH. Extraction conditions: neutral red,

5 mg/L; extraction time, 20 minutes; stirring speed,

300 rpm; and electrical voltage L70 V.
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wire as thepositive electrode, and an ionic liquid-basedhollow

fiber containing a stainless steel wire electrode as the negative

electrode (Fig. 1). In the prepared extraction unit, the HF-LPME

device was immersed into 15 mL of 1 mg/L NR solution for

20 minutes and the solution was constantly stirred. In the

electric field-enhanced extractionprocess, theHF-LPMEdevice

was immersed at �70 V, and stirred at 300 rpm for a certain

period at room temperature. After extraction, the hollowfibers

were taken out from the aqueous solution and immersed into

the eluant (1 mL of 95% ethanol) in order to wash the dye with

ultrasonic assistance. The eluting solution was then collected

and mixed together with phosphate-buffered solution (Na2H-

PO4eNaH2PO4, pH 7.0, 1 mL). The concentration of NR could

then be measured and calculated using a UVeVis spectro-

photometer or ECL apparatus. The determination parameters

for UVeVis spectrophotometry were the following: 1 � 1 cm

cuvette, l ¼ 530 nm, differential spectrophotometry. ECL sig-

nals weremeasured using an electrochemical analyzer and an

ultraweak chemiluminescence analyzer. Other experimental

conditions were as follows: 1.0 mL Na2CO3eNaHCO3 buffer

solution, 0.1 mol/L, pH ¼ 11; Ru(bpy)3
2þ/DBAE ECL system,

Ru(bpy)3
2þ 1.0� 10�3 mol/L, 10 mL, DBAE 1.0� 10�2 mol/L, 10 mL;

scan rate, 0.05 V/s.
3. Results and discussion

3.1. Effect of pH

The pH of sample solution plays an important role in the

extraction process because it can influence the existing forms

of the targets [21,30]. To examine the effect of sample solution

pH on extraction efficiency, the concentration of NRwas 1mg/

L and the pH was adjusted to 2e12 by adding HCl or NaOH

solutions. As shown in Fig. 2, at lower or higher pH, the higher

ionization degree of NR molecules would increase their solu-

bility in the water, which can decrease the uptake on the ionic

liquids. At pH 6e8, NR existsmainly inmolecular state, and pH

7.0 was selected in the following experiments.
3.2. Effect of extraction time

Extraction time is another important factor influencing the

extraction efficiency [31,32]. In this study, extraction time was

evaluated in the range of 5e60 minutes, and the results are
Fig. 1 e Schematic diagram of extraction apparatus for

hollow fiber liquid-phase microextraction enhanced

electrically.
shown in Fig. 3. The signal intensity increased with the in-

crease of extraction time and gradually became slower after

20 minutes. In some cases, HF-LPME is performed with

extraction time approaching equilibrium to maximize recov-

ery. In some other cases, extraction need not reach equilib-

rium to minimize ionic liquid loss and guarantee efficient

extraction. Considering the appropriate extraction efficiency,

enough sensitivity, and shorter extraction time, 20 minutes

was selected.

3.3. Effect of stirring rate

In this work, [C8mim][PF6] was used as the acceptor solution in

the HF-LPME extraction of NR. To accelerate themass-transfer

velocity from the donor through the organic membrane into

the acceptor in the extraction process, magnetic stirring is

commonly used, which speeds up the process [17]. Effective

mixing of the sample also decreases the extraction time by
Fig. 3 e Effect of extraction time under 0 and e70 V

electrical voltages. Extraction conditions: neutral red, 5 mg/

L; pH 7; stirring speed, 300 rpm; and extraction time

20 minutes.

http://dx.doi.org/10.1016/j.jfda.2014.03.006
http://dx.doi.org/10.1016/j.jfda.2014.03.006


Fig. 4 e (A) Effect of voltage. Extraction conditions: neutral red, 5 mg/L; pH 7; stirring speed 300 rpm; and extraction time

20 minutes. (B) electrical voltage L70 V. (C) electrical voltage D70 V.
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increasing the diffusion rate of the analyte from the donor

phase into the acceptor phase. Therefore, the highest speed of

the magnetic stirrer should be selected for stirring. At high

rates of stirring, however, air bubbles produced on the surface

of the HF hinder the transfer of the analyte into the fiber and,

therefore, decrease the extraction efficiency. Hence, the effect

of stirring rate on NR dye extraction was investigated in the

range of 50e300 rpm by another series of experiments. The

results showed that a stirring rate of 300 rpmwas optimized in

our work.

3.4. Effect of electrical field

The electrical field conditions are also an important factor

influencing the extraction efficiency, because they are capable

of driving and accelerating target molecules to migrate to the

opposite electrode surface. To examine the effect of the elec-

trical field on dye extraction, the voltage is applied across the

stainless steel in the range of �150 to 150 V. As shown in

Fig. 4A, both anodic and cathodic polarization can increase the

amount of extraction of NR. It may be due to the interactions

of the adsorbent and adsorbate under the different voltages.

With no electric field, NR was extracted into the hollow fiber-

supported ionic liquid membrane through intermolecular

forces and diffusion. As the electric field was applied, the

extractant surface would accumulate the significant amount
of charge because of the “capacitive charge”. The charge and

the ionic state of NR would generate additional electrostatic

force, resulting in the increase of extraction rate and capacity.

An interesting fact was that two kinds of electric filed

modes (þ70 V and �70 V) could enhance the extraction effi-

ciency. Our reasoning for this is as follows: the hydrogen ion

coming from the ionized water could lead to protonation of

the amino group in the NR molecule, and then the molecules

would be accelerated to move toward the cathode (Fig. 4B). In

the solvation shell, the negative charge of the diffusion layer

surrounding the cationic molecules would be beneficial for

moving toward the anode (Fig. 4C). Because the volume of the

solvation molecule was larger than that of the cationic

molecule, the movement was slower and the extraction effi-

ciency was relatively lower under the same conditions.

However, the underlying fact should be further researched in

the future. Based on the results of Fig. 4A, we selected the

voltage of �70 V and performed another experiment to pre-

sent the effect of electrical field. The results (Fig. 4) showed

that the electrical potential as driving force can be beneficial

for the extraction.

3.5. Salt effect

The ionic strength would influence the nature and extent of

the electrostatic interactions and hydrophobic properties

http://dx.doi.org/10.1016/j.jfda.2014.03.006
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Table 1 e Determination results of NR in soft drink
samples utilizing standard addition method.

Samples Standard
added
(mg/L)

Founded
amount
(mg/L)

RSD (%) Recovery (%)

1 0 0.0 ND d d

1 0.1 0.11 � 0.04 9.2 110.0

2 1.0 1.12 � 0.05 6.5 112.0

3 5.0 4.91 � 0.09 4.7 98.2

2 0 0.0 ND d d

1 0.1 0.09 � 0.05 7.4 90.0

2 1.0 1.01 � 0.03 3.6 101.0

3 5.0 5.29 � 0.06 5.8 105.8

3 0 0.0 ND d d

1 0.1 0.10 � 0.04 7.9 100.0

2 1.0 0.95 � 0.05 8.6 95.0

3 5.0 5.34 � 0.09 4.3 106.8

ND ¼ not detected; RSD ¼ relative standard deviation.
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between the adsorbent and the analyte [17]. With no electric

field, the experiments were carried out using 5.0 mg/L NR

solutions containing various concentrations of NaCl ranging

from 0% to 20% (wt/vol). The results showed that the presence

of an external electrolyte only has a slight effect on the

extraction efficiency. However, the stability of ionic liquid-

based hollow fiber would get worse and may even influence

the application of electrical voltage, exposed to high ionic

strength. Therefore, the strong electrolyte was not added in

this research work.

3.6. Eluent and elution time

We selected a strong acid (0.1 mol/L HCl), a strong base

(0.1 mol/L NaOH), ethanol (95%), and acetone as eluents to

remove the targeted dye from the uploaded ionic liquid-based

hollow fiber. The results showed that the four kinds of eluting

reagents can effectively remove the uploaded NR. However,

longer extraction time and larger eluent volume are needed

when using a strong acid or base as the eluent. Moreover,

acetone is relatively toxic and expensive than ethanol.

Therefore, 1 mL 95% ethanol was selected as the eluting

reagent.

Effect of elution time was evaluated in the range of

10e60 minutes, and the results showed that complete elution

of NR occurs after 30 minutes. The static eluting process was

relatively longer, because the eluent volume was too small to

be stirred easily. However, the ultrasonic-assisted elution or

vortexmixing elution shortened the eluting time to 3minutes.

3.7. Analysis characteristics

The standard solutions of NR were dealt with the aforemen-

tioned operation procedure, and the concentrations were

determined and calculated by UVeVis spectrophotometer.

The working curve was made, and the linear equation was Y

(mg/L) ¼ �0.01336 þ 0.0584X (Abs) with the linear correlation

coefficient r ¼ 0.9982 and the linear range ¼ 1.0e10.0 mg/L.

As described earlier, at lower levels of NR, ECL was used to

determine the concentration of NR dye solution. Under the

aforementioned optimal conditions, the standard curve for NR

was measured. The quenched ECL intensity (DI) has good

linear relationship with the logarithm of the concentration of

NR, with CNR in the range of 0.001e1.0 mg/L. The regression

equation was DI ¼ 1325 � logCNR þ 4267, and the correlation

coefficient (r) was 0.9903. The DL was 0.36 mg/L at a signal-to-

noise ratio of 3, indicating that the ECL method is very sensi-

tive for determining NR.

To investigate the interference effects of coexisting sub-

stances in the real samples, the effect of foreign substances

was tested by analyzing a standard solution of NR (1.0 mg/L)

and interfering substances. The upper limit of an interfering

species was estimated under the optimized conditions (rela-

tive error was <10%). The results showed that the proposed

method would be feasible under the following conditions:

1000-fold Naþ, Kþ, NO3
�, Cl�, SO4

2�; 500-fold Ca2þ, Mg2þ, Zn2þ;
30-fold lemon yellow, sunset yellow, amaranth, carmine;

fivefold basic orange, basic fuchsin; twofold malachite green,

methylene blue, crystal violet (average values of three

determinations).
Intraday and interday precision and accuracy were deter-

mined by triplicate analysis of the samples at three concen-

trations (0.1, 1.0, and 5.0 mg/L) on the same day and 3

consecutive days. Means and relative standard deviations

(RSDs) were calculated. RSDs were used as estimates of

intraday and interday precision, and the accuracy was

assessed by comparison of calculated mean concentrations

with known concentrations. The results showed that intra-

assay RSDs were 8.64%, 4.75%, and 2.90%; interassay RSDs

were 9.43%, 6.04%, and 4.58%, respectively, for these three

concentrations. Intra-assay and inter-assay accuracy for NR

were 93.45e108.3% and 87.85e119.1%, respectively. For trace

analysis, these results could be accepted.

The HF-LPME enhanced electrically was successfully

applied to the analysis of three soft drink samples collected

from local markets (Table 1). After the soft drink samples

were filtered with 0.22-mm cellulose acetate membrane fil-

ters to eliminate any solid particles and debris, the samples

were tested immediately under the optimized experimental

conditions without any other pretreatment. To evaluate the

accuracy of this method, these samples were spiked with

NR standards at the concentrations of 0.1, 1.0, and 5.0 mg/L,

respectively. For every concentration level, five repeated

experiments were performed and the mean values were

taken. The data indicate that the recoveries ranged from

90% to 115%, and the RSDs were less than 10.0%, which

shows good reproducibility. Thus, this method shows po-

tential application for the fast determination of NR in soft

drink samples.
4. Conclusions

Amethod of ionic liquid-based HF-LPME enhanced electrically

was successfully developed and applied to the extraction and

determination of NR dye combined with UVeVis or ECL

determination. The advantages of this eco-friendly method

are its simplicity, sensitivity, and low cost. The method was

applied to the analysis of NR in real samples with satisfactory

http://dx.doi.org/10.1016/j.jfda.2014.03.006
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results, and would be a green and potential method for the

analysis of NR.
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