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Abstract: The magnetic aqueous micellar two-phase system (MAMTPS) has the advantages combined
of magnetic solid phase extraction (MSPE) and aqueous micellar two-phase system (AMTPS).
Thus, MAMTPS based on Fe;04 magnetic nanoparticles (MNPs) and a nonionic surfactant Triton
X-114 (TX-114) was developed for the extraction, enrichment and removal of three dyes (Congo
red, methyl blue, and methyl violet) from aqueous solutions in this study. The MNPs Fe;O4@NH,
was screened as the optimal MNPs benefiting the extraction. Then, the influencing factors of MNPs
amount, TX-114 concentration, vibration time, and extraction temperature were investigated in
detail. The results showed that the extraction efficiencies of three dyes almost reached 100% using
MAMTPS under the optimal conditions; MAMTPS had higher extraction ability than the individual
MSPE or AMTPS. Thus, MAMTPS had the advantages of simple operation, high extraction ability,
easy recycling of MNPs, and short phase-separation time, which showspotential for use in the
extraction and analysis of contaminants from water samples.

Keywords: magnetic nanoparticles; aqueous micellar two-phase system; nonionic surfactant;
dyes; extraction

1. Introduction

Aqueous two-phase system (ATPS) is an effective and promising liquid-liquid extraction
technology, which was first introduced by Albertson [1]. The main systems were PEG/dextran
and PEG/salt in the early period, then more and more ATPSs appeared, such as the alcohol/salt
system [2], aqueous micellar system [3], and ionic liquid/salt system [4]. The aqueous micellar
two-phase system (AMTPS) based on non-ionic surfactant was a process of temperature-induced phase
separation, which can form two phases above the cloud point temperature of non-ionic surfactant.
Thus, AMTPS can be also called cloud point extraction (CPE). Compared with the other liquid-liquid
extraction, the AMTPS has the advantages of low toxicity of surfactants, the use of dilute solutions,
no use of organic solvents, high preconcentration factor due to the small volume in surfactant-rich
phase, and good biocompatibility [5,6]. Likewise, the AMTPS has some disadvantages, such as the
probable interference for analysis of target compounds caused by the co-existing hydrophobic species
in the surfactant-rich phase, the high viscosity in surfactant-rich phase affecting the sample injection,
and the long phase-separation time [7]. Up to now, the AMTPS was widely used in the extraction
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and separation field, such as the extraction of small molecule contaminants [8] or heavy metals [9]
from aqueous solution, determination of pesticides in urine samples [10], determination of synthetic
dyes [11] or heavy metals [12] in food samples, removal of dyes from wastewater [13], and extraction
of bioactive compounds from natural plant resources [14].

Magnetic solid phase extraction (MSPE) using MNPs as the solid absorbent has aroused
great interest in the field of analytical chemistry, which has the advantages of simple operation,
high selectivity and enrichment factor for analytes, free of organic solvent, versatile use by easy surface
modification of MNPs, moreover, the easy dispersion of MNPs to the solution and simple recovery of
MNPs by using a permanent magnetic field [15-17]. Thus, MSPE was widely used in the extraction,
separation and enrichment of various samples, including the biological, environmental and food
samples [16].

This hybrid method of ATPS and magnetic separation was reported in other studies. For example,
Dhadge and coworkers combined the PEG/dextran ATPS with magnetic separation for the purification
of polyclonal human immunoglobulin G (IgG), satisfactory recovery yield and purity were obtained
by this method, and the phase separation time was shorten from 40 min to 25 min compared with
individual ATPS without addition of MNPs [18]. Fischer and coworkers developed a combined method
of magnetic separation using functionalized MNPs and AMTPS using a non-ionic surfactant for the
continuous purification of proteins [19]. In this study, a hybrid method of AMTPS and MSPE named
magnetic aqueous micellar two-phase system (MAMTPS) was developed for the extraction, enrichment
and removal of dyes from aqueous solutions. Up to now, the similar methods were mainly reported
for the purification of biomolecules, such as the protein [20], chymotrypsin [21], and antibody [18],
but no relevant study hasbeen reported about their use in the extraction/isolation of small molecules
contaminants from aqueous solution. Therefore, three common dyes (Congo red, methyl blue,
and methyl violet) were chosen as the target compounds in this study, the influencing factors of
type and amount of MNPs, surfactant concentration, vibration time, and extraction temperature were
studied to obtain the optimal operation conditions.

2. Materials and Methods

2.1. Materials and Reagents

The main materials used for the synthesis of MNPs were as follow: nano Fe;Oy4 (99.5% metals basis,
20 nm particle size), tetraethyl orthosilicate (TEOS), and (3-aminopropyl) triethoxysilane (APTES),
which were purchased from Alladin Reagent Co., Ltd. (Shanghai, China). Triton X-114 (C3yHgsOo,
relative molar mass is 558.75 g/mol, CMC is 0.35 mmol/L at 25 °C)was purchased from Alladin
Reagent Co., Ltd. The dyes of Congo red (CR), methyl blue (MB), and methyl violet (MV) were
purchased from Alladin Reagent Co., Ltd., and the chemical structures of the three dyes are shown in
Figure 1. Other reagents were of analytical grade and used without further treatment. Deionized water
was used to prepare the sample solutions.
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Figure 1. The chemical structures of the three dyes used in this study.
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2.2. Preparation of Magnetic Nanoparticles

2.2.1. Preparation of Fe30,@5i0O,

The Fe;04@SiO; was prepared according to the method previously reported with moderate
modification [22]. To a three-necked flask, 3.0 g Fe304, 200 mL absolute ethanol, and 24 mL deionized
water were added, and this mixture ultrasonically dispersed for 15 min. Ten milliliters TEOS was added
into the solution with continuous stirring. The pH value of the solution was adjusted to 9.0 by addition
of 20 mL 10% NHj3-H,O. The solution was stirred for 12 h under the sealed condition. The Fe30,@SiO,
nanoparticles were magnetically separated and dried in vacuum drying oven (Shanghai Jing Hong
Laboratory Instrument Co.,Ltd., Shanghai, China) at 60 °C for 12 h.

2.2.2. Preparation of Fe30,@NHyand Fe;04@SiO,-NH,

The preparation of Fe;O,@NH; was referred to the method previously reported with moderate
modification [22,23]. To a three-necked flask, 0.2 g Fe30O4, 1 mL water, 3 mL NHj3-H,O, and 150 mL
absolute ethanol were added, and this mixture ultrasonically dispersed for 15 min. Then 100 uL. APTES
was added into the solution with continuous stirring. The reaction was conducted under nitrogen
protection with continuous stirring for 24 h at room temperature. The Fe304@NH, nanoparticles were
magnetically separated, then washed by absolute ethanol and dried in vacuum drying oven at 60 °C
for 12 h. The procedures for preparation of Fe30,@5iO,-NH; were similar to that of Fe;O4@NH,
except the use of Fe30,4@Si0O; instead of Fe3Oj.

2.3. Magnetic Solid-Phase Extraction

To a tube, a certain amount of MNPs and dyes aqueous solution was added. Then the tube
was placed in a shaking bath (model SHZ-B, Shanghai Boxun Medical Biological Instrument Corp.,
Shanghai, China) for a certain time at constant temperature. A permanent magnet (40 x 20 mm),
(Dongguan XiangXiong Magnet Co., Ltd., Dongguan, China) was used to attract the MNPs to the
bottom of the tube. Then the aqueous solution was carefully withdrawn for analysis of the content
of dyes.

2.4. Aqueous Micellar Two-Phase Extraction

To a tube, a certain amount of TX-114 and dyes aqueous solution was added. The tube was well
agitated using an agitator (model MX-S, Dragon Laboratory Instruments Limited, Beijing, China) to
make the TX-114 dissolve completely. Then the tube was placed in the water bath (model HWCL-5,
Zhengzhou Greatwall Scientific Industrial and Trade Co, Ltd., Zhengzhou, China) for a certain time
at constant temperature. The phase separation was achieved above the cloud point and the dyes
were extracted into the bottom phase (surfactant rich phase). The content of dyes in the top phase
(aqueous phase) was analyzed, and the content of dyes in the bottom phase was calculated by the
subtraction method.

2.5. Magnetic Aqueous Micellar Two-Phase Extraction

To a tube, a certain amount of TX-114, MNPs, and dyes aqueous solution was added. The tube
was well agitated to make the TX-114 dissolve completely and the MNPs well disperse in the surfactant
solution. Then the tube was placed in a shaking bath for a certain time at constant temperature.
The tube was stood for 10 min in the bath without shaking for phase separation. The volume of each
phase was noted down. The content of dyes in the top phase (aqueous phase) was analyzed, and the
mass of dyes in the bottom phase was obtained by the subtraction method from the total mass of dyes
added to the tube.
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2.6. Quantitative Determination of Dyes

The quantitative determination of dyes concentration was operated by using an UV-Vis
spectrophotometer (model UV-3000, Shanghai MAPADA Instruments Co., Ltd., Shanghai, China).
The samples in the top phase (aqueous phase) of MAMTPS were withdrawn and diluted for analysis of
the content of dyes. Another tube with the same components but without dyes was used as the blank.
The dyes were extracted and adsorbed in the bottom phase (surfactant rich phase). The absorbance of
each dye was determined, and then the mass of dyes in the top phase was calculated. The mass of
dyes in the bottom phase was obtained by the subtraction method from the total mass of dyes added
to the tube. The extraction efficiency of dyes in the bottom phase was defined in the Equation (1):

M, My—CiV y

Extraction efficiency (%) = — =

100 1
Mo Mo @

where M, and Mj represented the mass of dyes in the top phase and the original mass added to
the tube, respectively. C; and V¢ represented the concentration of dyes and volume of top phase,
respectively. The detection conditions and standard curves for analysis of the three dyes are shown in
Table 1. The standard curves were constructed by plotting the absorbance (Y) as a function of the pure
dyes concentration (X).

Table 1. The detection conditions and standard curves for analysis of dyes.

Samoles Standard Curves Detection Linear Range Correlation
P Wavelength (nm) (mg/mL) Coefficient (R?)
Congo red Y =13.459X + 0.0398 2 498 0.01-0.16 0.9994
Methyl blue Y =24.708X — 0.0282 2 577 0.01-0.16 0.9993
Methyl violet Y =35.356X — 0.0261 # 570 0.005-0.08 1.0000

2Y was the absorbance and X was the dyes concentration.

2.7. Statistical Analysis

The SAS software (version 9.4, SAS Institute Inc., Cary, NC, USA) was performed for the statistical
analysis. The statistical analysis for optimization of the extraction conditions was done using the
Duncan’s multiple range test. The p values < 0.05 were considered statistically significant. Each error
bar indicates the standard deviation of triplicate tests. Different letters on histograms indicate that
means are statistically different at the p < 0.05 level.

3. Results and Discussion

3.1. Characterization of the Magnetic Nanoparticles by Fourier-Transform Infrared Spectroscopy

The MNPs samples were characterized by Fourier-Transform Infrared Spectroscopy (FI-IR),
the results were shown in Figure 2. It can be seen that all the MNPs have the absorbance peaks around
3400 cm~! and 1630 cm ™!, which was contributed by the hydroxyl of water in the MNPs. All the MNPs
have a stretching vibration peak around 580 nm for Fe-O bond. Fe;0,@NH; and Fe;0,@SiO,-NH,
have stretching vibration peaks around 1092 for Si-O bond. Due to the amidogen in Fe30O4@NH, and
Fe30,4@S5i0; was interfered by the hydroxyl of water, it is hard to identify the amidogen in the MNPs.
Thus, a further step for the quantitative determination of amidogen was performed by ninhydrin
test [24]. The results showed that the amidogenin Fe;0,@NH; and Fe;0,@SiO,-NH; was 0.64 and
0.512 mg/g, respectively.
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Figure 2. The Fourier-Transform Infrared Spectroscopy (FI-IR) for the magnetic nanoparticles (MNPs).

3.2. Selection of the Optimal Magnetic Nanoparticles

The addition of MNPs to the aqueous micellar two-phase system can improve the extraction
and shorten the phase-forming time. Thus, four kinds of MNPs, Fe304, Fe304@NH;, Fe30,@SiO,,
and Fe;04@5i0,-NH;, were considered. It can be seen in Figure 3 that the MNPs can increase
the extraction efficiency of dyes, the order of the extraction efficiency by addition of MNPs was as
follow: Fe3O4@NH;>Fe;0,@5i0,-NH;>Fe;0,@5i0,>Fe;04. The reason for interpreting this was the
stronger hydrogen-bond interaction thatcould be occurring between -NH; and the dyes. The reason
for MNPs Fe;0,@Si0,-NH, was inefficient than Fe;O,@NH, was that less -NH, in the surface of
Fe;04@Si0O,-NH, after being coated by silica. Moreover, the extraction efficiency of the three dyes
follow the order CR>MV>MB using Fe30O4@NH; in system. The reason for interpreting this is that
hydrogen-bond interaction can be occurring between-NH, in FesO4@NH, and -NH, in CR, moreover
-NH; in Fe304@NH; and Cl~ in MV (seeing the structures of dyes in Figure 1). Therefore, the MNPs
Fe;04@NH, was chosen for further studies.
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Figure 3. Effect of the MNPs added to the aqueous micellar two-phase system (AMTPS) on the
extraction efficiency of dyes. (Each system contained 10 mL dyes solution (1 mg/mL Congo red (CR),
methyl blue (MB) and 0.125 mg/mL methyl violet (MV)).10 mg MNPs, 4 wt. % TX-114, 40 min vibration
time, and incubated at temperature 40 °C for 10 min). Different letters in the same series indicate
significant difference at p < 0.05 level.
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3.3. Effect of the Magnetic Nanoparticles Amount

The effect of the MNPs amount was investigated with 2-10 mg Fe;0,@NH,; being added into
the AMTPS, no addition of MNPs was used as the control. It can be found in Figure 4 that the
extraction efficiencies had minor increase with further increase of MNPs when the MNPs amount
was larger than 4 mg. The results demonstrated that the extraction mainly depend on the TX-114,
however, the MNPs can also increase the extraction efficiency to some extent and accelerate the phase
forming. Thus, to comprehensively consider the extraction efficiency and the phase forming, 4 mg
MNPs were added to the system for further studies.
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Figure 4. Effect of the Fe304@NH, amount added to the AMTPS on the extraction efficiency of dyes.
(Each system contained 10 mL dyes solution (1 mg/mL CR, MB and 0.125 mg/mL MV), 4 wt. % TX-114,
40 min vibration time, and incubated at temperature 40 °C for 10 min). Different letters in the same
series indicate significant difference at p < 0.05 level.

3.4. Effect of the TX-114 Concentration

TX-114 was chosen in this study due to its ambient cloud point (23-25 °C) at different
concentrations, low toxicological properties and cost, in addition the high density in surfactant rich
phase facilitating phase separation by centrifugation, which was the most popular nonionic surfactant
used in the CPE [25-27]. The effect of TX-114 concentration can be the major factor influencing the
extraction. The TX-114 solution can form two phase above the cloud point temperature, a lower phase
with high surfactantconcentration, and the other aqueous top phase with low surfactant concentration
(slightly above the CMC of TX-114) [28]. Thus, the effect of TX-114 concentration in the range of
1-5 wt. % (weight ratio) was investigated. The phase-separation cannot be achieved at 1 wt. % TX-114
concentration during the extraction of CR and MV. It can be seen in Figure 5 that the extraction
efficiencies obviously increased with increase of TX-114 concentration. Because the extraction mainly
depended on the TX-114 and the influence of MNPs to extraction efficiency can be concealed at high
TX-114 concentration, thus, the 4 wt. % TX-114 concentration was chosen for further studies.



Appl. Sci. 2017, 7, 1257 7of 11

110
[ Congo red
[ Methyl blue
—~ 100} I Methyl violet a a
X a a
= b a a
g 90+ Sb b
3 b
5
s 80
il
< c c
3 70 ]
60
1 2 3 4 5

TX-114 concentration (wit%o)

Figure 5. Effect of the Triton X-114 (TX-114) concentration on the extraction efficiency of the dyes.
(Each system contained 10 mL dyes solution (1 mg/mL CR, MB and 0.125 mg/mL MV), 4 mg
Fe304@NH),, 40 min vibration time, and incubated at temperature 40 °C for 10 min). Different letters
in the same series indicate significant difference at p < 0.05 level.

3.5. Effect of the Vibration Time

The extraction was performed in a shaking bath, the vibration time of 20-320 min was studied,
and no vibration was used as the control. The role of the vibration is to make sufficient contact for the
dyes with the surfactant and MNPs. The results in Figure 6 showed that the extraction of the threedyes
was significantly affected by the vibration compared with the controls, but the extraction efficiencies
varied little with the vibration time larger than 20 min. Thus, the vibration time of 20 min was enough
for the extraction.
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Figure 6. Effect of the vibration time on the extraction efficiency of the dyes. (Each system contained
10 mL dyes solution (1 mg/mL CR, MB and 0.125 mg/mL MV), 4 mg Fe30,@NH;, 4 wt. % TX-114,
and incubated at temperature 40 °C for 10 min). Different letters in the same series indicate significant
difference at p < 0.05 level.

3.6. Effect of Extraction Temperature

The TX-114 is a thermo-sensitive polymer, thus, the extraction can be affected by the temperature.
It was found that the addition of dyes can raise the cloud point of TX-114, so in order to make sure
the phase-separation can be achieved, the effect of temperature in the range of 30-50 °C for CR and
MYV and 40-60 °C for MB was studied, respectively. The results in Figure 7 showed that the extraction
efficiency for CR had minor increase with increase of temperature from 30 to 40 °C, then varied
little with further increase of temperature; the extraction efficiency for MB increased with increase
of temperature from 40 to 45 °C, then also varied little with increase of temperature; the extraction
efficiency for MV varied little at the temperature range of 30-50 °C. All these results indicated that
the extraction efficiency reached the maximum above a certain temperature then didn’t increase with
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further increase of temperature in this study, the similar results were observed in other CPE using
non-surfactant as extractant [29,30]. Thus, the optimal extraction temperature was different for each
dye, and the heating wasbeneficial for the extraction.
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Figure 7. Effect of the temperature on the extraction efficiency of the dyes. (Each system contained
10 mL dyes solution (1 mg/mL CR, MB and 0.125 mg/mL MV), 4 mg Fe30,@NH,, 4 wt. % TX-114,
20 min vibration time, and incubated at different temperatures for 10 min). Different letters in the same
series indicate significant difference at p < 0.05 level.

3.7. Comparison of Magnetic Aqueous Micellar Two-Phase System to Magnetic Solid Phase Extraction and
Aqueous Micellar Two-Phase System

The MAMTPS was combined with the MSPE and AMTPS, thus, it has the advantages of
both MSPE and AMTPS. The results of extraction efficiencies for MAMTPS, MSPE and AMTPS,
and the phase-separation time for MAMTPS and AMTPS were shown in Figure 8. It can be seen
that theMAMTPS had higher extraction efficiency than MSPE and AMTPS. Moreover, MAMTPS had
short extraction time than MSPE, the extraction time was 20 min and phase equilibrium time was about
10 min for MAMTPS, which was much shorter than that of 4 h vibration timeforMSPE. The complete
phase-separation time of MAMTPS was reduced by >37% compared with AMTPS at different TX-114
concentration. Similar results were reported that the addition of MNPs can shorten the phase separation
time in other ATPSs [18,31].
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Figure 8. Comparison of the extraction efficiency of CR and phase-separation time of magnetic aqueous
micellar two-phase system (MAMTPS) to magnetic solid phase extraction (MSPE) and aqueous micellar
two-phase system (AMTPS). (The MAMTPS contained 10 mL CR (1 mg/mL), 4 mg Fe;0,@NH,,
4 wt. % TX-114, 40 min vibration time, and incubated at temperature 40°C for 10 min; the AMTPS
contained 10 mL CR (1 mg/mL), 4 wt. % TX-114, 40 min vibration time, and incubated at temperature
40 °C for 10 min, the MSPE contained 10 mL CR (1 mg/mL), 10 mg Fe304@NH)3, 4 h vibration time).
The phase-separation time was determined at 3-5 wt. % TX-114 and 30 °C water bath.



Appl. Sci. 2017, 7, 1257 9of 11

4. Conclusions

In this study, a novel method of MAMTPS was employed for the extraction, enrichment and
removal of dyes from aqueous solutions in one-step extraction. This MAMTPSis more efficient than the
individual AMTPS or MSPE, which were widely used for the extraction of dyes from various solution
samples. The Fe304@NH; was chosen as the optimal MNPs added to the extraction systemunder
the following conditions: each system contained 10 mL dyes solution (1 mg/mL CR and CB and
0.125 mg/mL MV), 4 mg MNPs, 4 wt. % TX-114, 20 min vibration time, and suitable temperature,
the extraction efficiency of the three dyes almost reached 100%. This MAMTPS was much simpler,
free of organic solvents, and easy recycling of MNPs.Moreover, it has high extraction ability and short
phase separation time (reduced by >37% at different TX-114 concentration), making it ofpotential use
in the extraction, analysis and removal of contaminants from environmental samples.
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