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1 I INTRODUCTION

| Turghun Muhammad'

| Aziguli Yigaimu' | Kipayem Muhammad' |

A novel magnetic molecularly imprinted polymer for the selective recognition of
auramine O was rationally designed via screening from a library of nonimprinted
polymers. A stoichiometric ratio of functional monomer (itaconic acid) and template
molecule (auramine O) was found to be 1.5. Meanwhile, the synthesized SiO, @Fe; O,
was modified by 0.5 mol/L hydrochloric acid to facilitate the preparation of magnetic
molecularly imprinted polymer particles. Adsorption experiments showed that the
magnetic polymer particles exhibited good selectivity, recoveries, and enrichment per-
formance. The stoichiometric imprinted polymers have been employed for the selec-
tive preconcentration of auramine O from lake water sample. The high specificity of
the stoichiometric imprinted polymers was proven in the extraction of mixture solu-
tion of auramine O, auramine O hydrochloride, and chrysoidine, and the recoveries
ranged between 99.66 and 108.75% (RSD 2.6-3.7%, n = 3) for lake water. These
results suggest that this method is effective and can be successfully applied to the

analysis of auramine O in environmental water samples.

KEYWORDS

auramine O, dispersive solid-phase extraction, dyes, magnetic separation, molecularly imprinted polymers

rhodamine B [4-6], are illegally used as additives in a variety
of food products to enhance the attractiveness and to com-

Nowadays, environmental pollution, food and drug safety
have attracted widespread attention all over the world with
the improvement of living standard [1,2]. Dyes, as an addi-
tive or raw material, play a significant role in our daily
life. However, growing concerns have been drawn to the
threat of dyes to human health on both toxicological and
esthetical aspects [3]. Some industrial dyes, such as Sudan
(I-V), pararosaniline, crystal violet, auramine O (AO), and

Article Related Abbreviations: AO, auramine O; AOHCI, auramine O
hydrochloride; DVB, divinylbenzene; IA, itaconic acid; MIP, molecularly
imprinted polymer; MMIP, magnetic molecularly imprinted polymer;
MNIP, magnetic molecularly non-imprinted polymer; MPS,
3-(trimethoxysilyl)propyl methacrylate; TEOS, tetraethyl orthosilicate

pensate limited natural color variation [1,4], and these activi-
ties are driven by their low price. In addition, the presence of
these dyes in environmental water samples is also becoming
an important issue [7-9].

AO is a representative industrial dye and its chem-
ical in Supporting Information
Figure S1. AO hydrochloride is widely used in the chemical
industry for coloring material in paper, textiles, and leather
industries [10]. Related research indicated that it could irritate
skin, cause conjunctivitis, dermatitis, and upper respiratory
irritation symptoms after consumption [5,11]. International
Agency for Research on Cancer (IARC) provided sufficient
evidence for the carcinogenicity of AO to humans and ani-
mals [12]. Considering the potential effects on human health,

structure is shown

J Sep Sci 2019;41:4185-4193.

WWWw.jss-journal.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim | 4185


http://orcid.org/0000-0001-5562-9365
http://orcid.org/0000-0002-3764-3515

YANG ET AL.

ml
SEPARATION SCIENCE

it is of great importance to develop a sensitive and accurate
method for the determination of AO in environmental water
samples.

Now, the most widely used analytical methods for the
determination of AO are HPLC [5,10] and LC-MS [13,14].
Although these methods are accurate and reliable, they require
a number of time-consuming and cumbersome sample prepa-
ration steps for complex samples, such as extraction, filter-
ation, and centrifugation. These preparation steps may cause
loss and contamination of analyte, as well as consume large
amounts of organic solvents. Furthermore, these instruments
are relatively expensive and need specialized personnel for the
operation and maintenance [15,16]. Therefore, it is of great
necessity to develop a simple, economic, green and fast sam-
ple pretreatment method for AO.

Molecular imprinting technology has aroused wide con-
cern in researchers all over the world [17-20]. The vari-
ous molecularly imprinted polymers (MIPs) based on molec-
ular imprinting technology are often considered as ideal
host materials for applications including sample pretreatment,
chromatography, sensor, and antibody, due to structure pre-
dictability, recognition specificity, and application universal-
ity [16,17,21,22]. Magnetic molecularly imprinted polymers
(MMIPs) could not only overcome some disadvantages of
MIPs [23,24], such as incomplete template removal, low bind-
ing capacity, slow mass transfer, irregular shape, and het-
erogeneous distribution of recognition sites, but also exhibit
facile separation, higher adsorption performance, and excel-
lent recognition selectivity [25,26].

The ratio of functional monomer and template often plays a
vital role in synthesis of molecularly imprinted polymers [17,
27-29], because it can affect the uniform distribution and
higher affinity of specific binding sites, as well as the stability
and yield of polymers [17,20,28,30]. Herein, a stoichiomet-
ric ratio of template and functional monomer is introduced
to synthesize MIPs, which further facilitates the advancement
and application of imprinted polymer materials [31-33]. It not
only overcomes the spatial and steric mismatches of template,
but also benefits by forming a highly specific and selective
binding site [34,35]. Now, the MIPs of stoichiometric ratio
have been widely reported, for example, antibiotics [32], peni-
cillin G [36], s-ibuprofen [34], and tegafur [35]. Thus, a sto-
ichiometric amount of template and monomer is vital for the
rational design of a highly specific imprinted material.

In this paper, we report a novel MMIPs based on stoi-
chiometric molecular imprinting. The optimization of poly-
mer composition was carried out based on our previous
work [27,30] and other research [33,37,38]. The MMIPs were
successfully synthesized using the optimum stoichiometric
ratio between template, cross-linker, and functional monomer.
It was based on the magnetic Fe;O, particles support,
AO as template, itaconic acid (IA) as functional monomer,
and divinylbenzene (DVB) as cross-linker. This paper

demonstrated a new method of MMIPs preparation and appli-
cation of the material as the selective adsorption material to
analyze water samples from a local lake.

2 | MATERIALS AND METHODS

2.1 | Materials

DVB, tetraethyl orthosilicate (TEOS), azodiisobutyronitrile,
and 3-(trimethoxysilyl)propyl methacrylate (MPS) were pur-
chased from J&K Chemical (China). Methanol, acetic acid,
acetonitrile, DMSO, and chrysoidine (99%) were obtained
from the Sinopharm Chemical Reagent (Shanghai, China).
AO hydrochloride (90%, AOHCIl) was purchased from
Aladdin Chemical Reagent (China). IA was purchased
from Sigma Aldrich (China). Ferric chloride (FeCl;-6H,0)
was purchased from Tianjin Zhiyuan Chemical Reagent
(China). Ferrous sulfate (FeSO,-7H,O) was supplied by
Beijing Chemical Factory (China). Ammonium hydroxide
(NH;-H,0) was purchased from Xilong Chemical (China).
Distilled water was used throughout all experiments.

2.2 | Characterization

Surface morphology was observed by a Hitachi SU 8010
SEM from Hitachi (Honshu, Japan). The morphological eval-
uation was further visualized by a JEM-2100 TEM from
JEOL (Tokyo, Japan). The infrared absorption spectrum was
obtained with the KBr method by a Bruker Vertex 70-Equinox
55 FT-IR spectrometer from Bruker (Karlsruhe, Germany).
Phase identification was performed by X-Ray powder Diffrac-
tion with a Bruker D8 Advance from Bruker (Karlsruhe,
Germany). The UV-Vis absorption spectrum was gained
with a Shimadzu UV-1800 spectrophotometer from Shimadzu
(Kyoto, Japan).

2.3 | Preparation of Fe;O, particles

The process to obtain the Fe;O, particles via chemical
coprecipitation method was described previously in the ref-
erence [25]. Briefly, 0.01 mol FeSO,-7H,O and 0.02 mol
FeCl;-6H,0 were dissolved completely in 80 mL of deoxy-
genated distilled water under the nitrogen atmosphere with
vigorous mechanical agitation at 800 rpm. The reaction was
maintained under nitrogen environment that prevents oxi-
dation. When the solution was preheated to 80°C in water
bath, 10 mL of ammonium hydroxide (28, wt%) was added
dropwise into the clear yellow solution. With the addition
of ammonium hydroxide solution, the mixed solution grad-
ually turned black. After the reaction was maintained at 80°C
for 1 h, the magnetic precipitates were separated and isolated
by a permanent magnet, and then washed several times with
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distilled water. Finally, the obtained black product was dried
at 45°C under vacuum for 12 h.

2.4 | Synthesis of SiO, @Fe;0, particles

The surface modification of the Fe;O, was obtained by the
reported method [39]. Briefly, Fe;O, (1.2 g) was dispersed
uniformly in 16 mL distilled water and ethanol (80 mL)
by sonication for about 5 min. Second, NH3-H,O (20 mL)
and TEOS (8 mL) were added dropwise into the reaction
mixture with continuous stirring at 800 rpm under nitrogen
atmosphere. The reaction proceeded at room temperature for
12 h under continuous mechanical stirring and nitrogen atmo-
sphere. The product (SiO, @Fe;0,) was collected by mag-
netic separation with the help of an external permanent mag-
net, and then was thoroughly washed with deionized water
and with dilute hydrochloric acid until neutral, then they were
dried at 60°C under vacuum for 12 h.

2.5 | Activation of SiO, @Fe;0,

To improve the silanization of SiO, @Fe;0,, an acid treat-
ment was employed to activate the particles. Fifty milligram
of SiO,@Fe;0, particles were dispersed uniformly in
0.5 mol/L. and 1 mol/L hydrochloric acid solutions, and then
the mixture was incubated in a shaker at various time condi-
tions of 0.5, 1, 1.5, 2, and 2.5 h, respectively. After that, the
activated particles were separated with a magnet and washed
with deionized water three times and dried at 60°C for 8 h.
Finally, the activated particles were examined using a FTIR
spectrometer and the transmittance spectra were analyzed.

2.6 | Synthesis of MPS @SiO, @Fe,0, particles

The various silanization solvents have been reported to obtain
the silanization of SiO, @Fe;0,, however toluene was used
most often [40]. In a typical method, SiO, @Fe; O, (250 mg),
anhydrous toluene (50 mL), and MPS (5 mL) were added into
a flask successively, and then ultrasonicated for 10 min under
nitrogen atmosphere to be dispersed uniformly. After that, the
flask was placed in a water bath at 70°C for 12 h with vigorous
mechanical stirring (800 rpm) under nitrogen. The products
were separated and collected by a permanent magnetic field,
and then thoroughly washed with toluene to remove unreacted
agents. The final products were dried in a vacuum oven at
60°C for 4 h.

2.7 | Preparation of magnetic polymer
particles

MMIP was synthesized by surface imprinting polymeriza-
tion [25]: the template AO (0.2 mmol) and the functional
monomer IA (0.3 mmol) were dissolved in 10 mL DMSO
and placed in a 50-mL flask. The mixture was left in contact
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for several minutes, and then 200 mg of MPS @Si0O, @Fe;0,
was dispersed uniformly in the above solution. Subsequently,
cross-linker DVB (4.0 mmol) and initiator azodiisobutyroni-
trile (0.06 mmol) were added into the system and the mix-
ture was degassed in an ultrasonic bath for 5 min. After that,
it was purged into nitrogen gas for 10 min to remove oxy-
gen; the polymerization system was carried out at 60°C with
nitrogen protection for 24 h. The final product was collected
with a help of an external permanent magnet and the particles
were washed sequentially with methanol/acetic acid solution
(9:1, viv) [39,41] to remove the entrapped template until there
was no template being detected by UV-Vis spectroscopy. The
synthesis procedure of AO-imprinted MMIPs was shown in
Figure 1. The magnetic molecularly non-imprinted polymers
(MNIPs) were synthesized using the same procedure but with-
out template molecule AO.

2.8 | Rebinding experiments

2.8.1 | Batch adsorption experiments

To evaluate the adsorption capacity of the magnetic parti-
cles, the adsorption isotherm experiments were conducted
with different initial concentrations of AO ranging from 5 to
200 mg/L. The experimental procedures are as follows: 50 mg
of particles were equilibrated with 5 mL of a series of AO ace-
tonitrile/water (3:7, v/v) solution in a 10-mL screw cap vials.
The mixture was incubated in a shaker at room temperature for
12 h, and then centrifuged and filtrated with 0.45 pm micro-
porous PTFE membrane. Subsequently, the concentration of
AO in the supernatant was measured by a UV-Vis spectropho-
tometer at 436 nm. The equilibrium adsorption capacity (Q,
mg/g) was calculated using the following equation:

0= (Co-C)) x =, (1)

where C; and C; represent the initial solution and final solu-
tion concentration (mg/L) of AO, respectively, V is the solu-
tion volume (L), and m (g) is the weight of the polymer.

2.8.2 | Selectivity of the magnetic molecularly
imprinted polymers

To investigate the specific recognition ability of MMIPs for
AO, selectivity tests were carried out using AO, AOHCI, and
chrysoidine as structural analogs. Briefly, 50 mg of MMIPs
was added into 5 mL, 10 mg/L solution of the above com-
pounds in acetonitrile/water (3:7, v/v), respectively. Then, the
mixtures were incubated in a shaker for 12 h at room tem-
perature. The MMIPs were collected by an external magnet
and the supernatant was analyzed by UV-Vis spectroscopy
after filtration through a 0.45 pm microporous membrane fil-
ter. The recognition ability of MMIPs was evaluated by the
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FIGURE 1 Synthesis scheme of MMIPs for auramine O

relative separation factor «(B), which is defined in the follow-
ing equation:

aB) = —, 2
Qg
where Q, and Qp represent the adsorption amounts of the
templates or analogues on MMIPs, respectively.

2.8.3 | Enrichment experiments

To further evaluate the adsorption capacity of MMIPs, 50 mg
MMIPs was added into a series of different volume of 2 mg/L
AO acetonitrile/water (3:7, v/v) solution. The mixtures were
shaken for 12 h at room temperature and the following
steps were in common with the batch adsorption experiment.
Finally, enrichment performances were evaluated by calculat-
ing enrichment factors.

2.9 | Extraction of AO from lake water

The real water samples were sampled from the Red Lake
(Xinjiang University, China). The lake water was filtered with
a 0.45 pm microporous membrane to remove any possible
particulate suspension and mixed with acetonitrile to pre-
pare acetonitrile/water (3:7, v/v) solution, which was stored
at 4°C for spiking test. Recovery experiments were carried
out using the spiked AO at three concentration levels of 1, 2,
and 4 mg/L, and then those samples were analyzed using the
UV-Vis spectrophotometer.

3 | RESULTS AND DISCUSSION

3.1 | Preparation of MPS @8Si0, @Fe;0,

First, Fe;O,4 magnetic microspheres were synthesized by the
coprecipitation method [25]. Second, the surface of Fe;O,
was modified with TEOS through salinization reaction. As
shown in Supporting Information Figure S3(a) and (b),
Si0, @Fe; 0, particles were activated with hydrochloric acid,
which can enhance hydroxyl groups and benefit them by
introducing double bonds on the SiO, @Fe;0, surface. The

TEOS
Sol-gel

& N MPS
- Functional modification

Si0,@Fe,0,

AO, 1A, DVB
Polymerization

MPS@Si0,@Fe,0,

increase in hydroxyl groups can improve the surface wettabil-
ity and strengthen the interaction of hydrogen bond [42,43].
In addition, a silica surface is easy to be modified through the
covalent reaction [41]. Finally, vinyl groups were introduced
onto the surface of activated SiO, @Fe;0, via MPS coupling,
which offered reaction sites for further radical polymerization.

3.2 | Monomer screening

The interaction between template and functional monomer
plays an important role in recognition performance of molec-
ularly imprinted polymers [33,38]. Molecular recognition is
based on the strength of interactions between the template and
the functional monomer, which depends on the shape of cavi-
ties in the MIPs [17,20,21]. The screening work of functional
monomer and template is based on our previous work [27,30].
In this paper, we choose IA as the functional monomer to syn-
thesize AO imprinted polymer. The carboxyl group of IA can
form strong ionic interactions with the basic functional group
of AO, and the interaction can enhance the recognition abil-
ity [17,26]. Herein, the ratio of functional monomer to tem-
plate at 1.5 was selected.

3.3 | Characterization of magnetic polymer
particles

3.3.1 | SEM and TEM characterization

The morphology of magnetic particles prepared by
copolymerization on optimum condition was observed
by SEM and TEM. The SEM images of SiO,@Fe;0;,,
MPS @Si0, @Fe;0,4, and MMIPs are shown in Figure 2A—
C. It was obvious that a large proportion of all three magnetic
particles were in spherical shape and uniform sizes. The size
of particles was gradually increasing from SiO, @Fe;0O, to
MMIPs. However, the particles aggregate together at some
extent after modification for several main reasons: (1) the
Fe;O, particles possess strong magnetic interaction that can
cause the adhesion and agglomeration; (2) the modification
had some influence on the growth of spherical particles
during the synthesis; and (3) the polymerization interaction
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FIGURE 2 The SEM images of (A) SiO, @Fe;0,, (B) MPS@SiO, @Fe;0,, and (C) MMIPs; the TEM image of (D) MMIPs

had great influence on the size of the particle, adhesion, and
agglomeration in this study.

Furthermore, the TEM image of MMIPs is shown in
Figure 2D. The image of MMIPs showed that the Fe;O, par-
ticles as a core (dark), surrounded by a layer (gray) of MMIPs,
indicated that MMIPs were coated onto the surface of the
Fe; 0, particles. However, the surrounding of the core exhib-
ited irregular and lumpy layer that may demonstrate the cavity
of template, and the rough surface of MMIPs is beneficial for
adsorption of AO.

3.3.2 | FTIR spectroscopy

As shown in Figure 3A, the characteristic peak at
565.47 cm~! corresponds to the stretching vibration of
Fe-O. The peak at 1100.48, 945.35, and 800.00 cm™!
was attributed to the stretching vibrations of Si—O-Si,
Si—O-H, and Si-O, respectively, which indicated that the
Fe;O, was successfully modified with TEOS. After acti-
vation with 0.5 mol/L hydrochloric acid in Figure 3B, the
absorption peak of 3600-3000 cm~! was enhanced, indi-
cating that activation can increase the number of the —OH
groups on the surface of Si0, @Fe;0,, which can promote
reaction with the MPS. In Figure 3C, the absorption peaks
from 2800 to 3000 cm~! should be attributed to the stretching
vibrations of the C-H bond of the -CH; and —CH,, and the

100

80

60

40

Transmittance (%)

20 -

3435.00

0 o 46839
1100.48
L 1

1 1 " 1
4000 3000 2000 1000
Wavenumber (cm"}

FIGURE 3 The FTIR spectrum of SiO, @Fe;0, before (A) and
after (B) activation, and (C) MPS @SiO, @Fe;0,

peak at 1719.48 cm~! was attributed to the stretching of the
—C=0, and those data were the evidence of the successful
grafting of MPS. It was observed that the vibration peak at
1630 cm™! corresponding to the stretching vibration of C=C
in MPS further proved that SiO, @Fe;O0, was successfully
grafted with MPS. Those results are consistent with that of
other researches [40,41].
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FIGURE 4 XRD patterns of (A) SiO, @Fe;0, and
(B) AO-MMIPs

3.3.3 | XRD analysis

Figure 4 shows the XRD patterns of SiO, @Fe;0, and AO-
MMIPs, and a series of characteristic peaks were observed
at 20 = 30.2, 35.5, 43.1, 53.6, 56.9, and 62.7° for Fe;0,
in the 20 range of 10-80°. These peaks were indexed
to the (220), (311), (400), (422), (511), and (440) crys-
talline planes, respectively, which matched well with the
data for magnetite [Joint Committee on Powder Diffrac-
tion Standards (JCPDS) card 19-629]. However, a weak sig-
nal corresponding to y-Fe;O, particles were observed and
it was almost negligible as compared to Fe;0,, because
of the oxidation of Fe;0O, during the coprecipitation and
silanization. The results are almost same to those reported
research [44,45].

3.4 | Rebinding and enrichment experiments

The adsorption capacity of MMIPs was investigated by
adsorption isotherm experiments. As shown in Figure 5, it

54 —=— MIPs
—e— NIPs
—
w4
50
£
=
>
-
5 3
E]
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«
o
£
g
=9
e
2
= 14
<
0 . : . : . : . :
0 50 100 150 200

Concentration (mg-L™)

FIGURE 5 Adsorption isotherms of AO on MMIPs and MNIPs

Adsorption capacity (mg-g™)

4
34
24
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0
NHHCI
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CH,

CHy CH; CH,
(AO) (AOHCI) (chrysoidine)

FIGURE 6 Adsorption capacity of MMIPs and MNIPs for AO
and its analogues

was clearly seen that both MMIPs and MNIPs exhibited good
adsorption for AO, and the adsorption capacity of MMIPs
continuously increased with the increment of AO ranging
from 5 to 100 mg/L and reached equilibrium at 100 mg/L.
However, the adsorptive capacity of AO on MMIPs was much
higher than that on MNIPs, and the adsorption capacity of
MMIPs (4.14 mg/g) was about 1.72-fold over that of MNIPs
(2.37 mg/g) at 150 mg/L of AO. The result confirmed that
the selectivity of MMIPs was inherently different from that of
MNIPs.

The specific recognition ability of MMIPs was evaluated
by using AO and its analogues of AOHCI and chrysoidine.
Figure 6 illustrates the adsorption capacity of MMIPs and
MNIPs for three structurally similar compounds. It can be
clearly seen that the adsorption capacity of MMIPs for these
compounds is much higher than that of MNIPs. The adsorp-
tion capacity of the MMIPs for AO is the highest, which
means that template molecule has a higher selective affin-
ity to the MMIPs than its analogues [25]. It may be related
to the size and functional groups of recognition sites, and
the interaction is mainly due to hydrogen bond and ionic
interaction [39,40]. Low adsorption capacity of MMIPs for
chrysoidine was observed due to the different structure in
comparison with AO and AOHCI, and the adsorption capac-
ity of MNIPs for AO is almost the same with AOHCI, but
much higher than chrysoidine due to the structural difference.
The relative separation factor was calculated by Formula (2),
a(AO/AOHCI) = 1.5 and a(AO/chrysoidine) = 2.9, respec-
tively. In conclusion, the results indicated that the adsorption
capacity and selectivity of MMIPs to AO were better than
those of other two structural analogues.

As shown in Supporting Information Table S1, the
enrichment experiments showed that MMIPs has enrichment
capacity to some extent to AO. It can be obviously seen that
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TABLE 1 Results of spiked recoveries and RSDs (%; n = 3) for determination of AO in real water samples using the MMIPs

Sample Spiked (mg/L) Found (mg/L) Recovery (%) RSD (%)

1 0 0 - -

2 1 0.96 96 2.4

3 2 1.99 99.50 3.8

4 4 4.35 108.75 2.6
the binding percentage of MMIPs decrease with the increase ACKNOWLEDGMENTS

in the AO solution volume. However, the enrichment factor
appears to be increasing with the solution volume. These
results revealed that MMIPs has good enrichment ability.
To achieve both high recovery and enrichment, volume of
extraction solution was selected to be 5 mL.

3.5 | Application in extraction of AO from lake
water

To study the application of MMIPs in practical samples,
different concentration of standard solution from 0.5 to
10 mg/L was tested. As shown in Supporting Information
Figure S4, a working curve of elution solution absorbance ver-
sus initial sampling concentration of AO was established as
y =0.1473x + 0.0199, R? = 0.9964. The determined limits of
detection and quantification were 1 and 3.3 mg/L at S/N of 3
and 10, respectively. It is clearly that the working curve has a
good linear correlation and the method can be applied for the
analysis of the practical samples.

The recovery of the proposed method was further studied
using lake water spiked with different concentrations of AQO.
It was clearly shown in Table 1 that the recoveries were in the
range of 95.7-108.8% with RSDs of 2.4-3.8% by the MMIPs.
So, the MMIPs were demonstrated to be practically applicable
and reliable for sensitive and accurate determination of low
AO concentration in real samples.

4 | CONCLUDING REMARKS

In summary, a novel MMIPs based on stoichiometric imprint-
ing was developed and used for the extraction of AO. The
MMIPs were synthesized via copolymerization using IA
as the functional monomer and DVB as the cross-linker.
The analytical method based on MMIPs was successfully
employed to analyze the AO of lake water with higher selec-
tivity and enrichment capacity. Herein, this method offers a
simple and convenient technique for selective separation and
enrichment for AO from complicated water matrices, and also
will show great potential applications in convenient prepara-
tion of cost-effective, and easy-to-make sample pretreatment
materials in the future.
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