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a b s t r a c t

Novel magnetic and hydrophilic molecularly imprinted polymers (mag-MIPs) were prepared by an
inverse emulsion–suspension polymerization to remove water-soluble acid dyes from contaminated
water with 1-(�-methyl acrylate)-3-methylimidazolium bromide (1-MA-3MI-Br) being utilized as a new
functional monomer. The thermal stability, chemical structure and magnetic property of the 1-MA-3MI-
Br-mag-MIPs were characterized by the thermal-gravimetric analyzer (TGA), Fourier transform infrared
eywords:
-(�-Methyl
crylate)-3-methylimidazolium bromide
ater-soluble acid dyes
agnetic molecularly imprinted polymer

spectrometer (FT-IR) and vibrating sample magnetometer (VSM), respectively. Moreover, effect of con-
centration and pH value of water-soluble acid dye solutions was optimized. Compared with the methyl
acrylic acid and 4-vinylpyridine modified mag-MIPs, the 1-MA-3MI-Br-mag-MIPs showed enhanced
removal efficiency. Kinetic studies depicted that the adsorption process on 1-MA-3MI-Br-mag-MIPs
followed pseudo-second-order rate mechanism. Investigation results of 5 times removal–regeneration
cycles by employing the 1-MA-3MI-Br-mag-MIPs showed that the resulting material was with high
emoval stability.

. Introduction

Dyes are widely used in many industries such as textiles, rub-
er, paper, plastics and so on. About over 7 × 105 t 10,000 different
ommercial dyes and pigments are produced annually all around
he world. It has been estimated that about 10–15% of these dyes
re lost during the dyeing process and released with the effluent
1]. The presence of these dyes in water, even at very low concen-
rations, is highly visible and undesirable. Many dyes are difficult
o degrade due to their complex structures, and some of them are
oxic, mutagenic and carcinogenic [2]. Therefore, removing dyes
rom wastewater of industrial effluents before discharging them
nto the environment is extremely important.

A lot of techniques such as oxidation [3–5], biological treat-
ent [6–9], or applying activated carbon [10–16], ion-exchange

17–20], and chitosan [21,22], have been developed to remove the
ater-soluble acid dyes. At present, the most common treatment
or effective dyestuff removal is adsorption. Malik [23] and Attia
t al. [24] reported that the activated carbon exhibited high removal
fficiency for acid blue, acid red and acid yellow dyes from aqueous
olution due to its chemical and mechanical stability, high adsorp-
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anchang Hangkong University, Fenghe South Street 696, Nanchang 330063, PR
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tion capacity and high degree of surface reactivity. Ion-exchange is
another effective method for dyes removal. Karcher et al. [17,18]
proved that weakly and strongly basic anion exchange resins of
commercial names Lewatit S6328A and Lewatit MP-62 exhibited
good sorption and reusability characteristics for reactive red and
reactive black dyes contained in wastewater from textile indus-
try. Wawrzkiewicz and Hubicki [25] also evaluated the strongly
basic anion exchange resin (Purolite A-520E) and activated carbon
(Purolite AC-20G) for the treatment of Acid Blue 29 solutions. In
addition, Wong et al. [26] successfully applied chitosan to eliminate
acid dyes such as acid green, acid orange, and Shen et al. [27] devel-
oped an efficient combination of chitosan adsorption and catalytic
oxidation method for removing acid red.

Although satisfied results have been achieved by the above
methods, most of them are high-cost, low reuse, tedious post-
processing and with secondary pollution. In addition, all of these
absorbents are applied for non-specific absorption in indus-
try, exhibiting poor selectivity. Therefore, a selective absorption
method is required to separate the toxic or precious water-soluble
acid dyes from mixture. Selective separation of water-soluble acid
dyes will facilitate the environment protection and the reuse of
precious water-soluble acid dyes.
Molecular imprinted polymers (MIPs) are a type of synthe-
sized material with specific recognition ability for the template
molecules. In comparison with the common absorbents such as
active carbon, the MIPs are with higher reusability, selectivity
and lower consumption. To date, MIPs have been widely used in

dx.doi.org/10.1016/j.jhazmat.2011.01.009
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:luoxubiao@126.com
mailto:sllou@hnu.cn
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Fig. 1. Molecular structures of the five

any areas such as solid-phase extraction [28], chromatograph
eparation [29], membrane separations [30], sensors [31], and cat-
lysts [32]. The molecular imprinting technique also has applied
or the determination and removal of pesticides and endocrine-
isrupting compounds from waste and drinking water [33–37].
hese molecularly imprinted polymers were generally prepared
ith methacrylic acid (MAA), 4-vinylpyridine (4-VP), acrylamide

AM) as functional monomers [38–40]. However, on account of
hese functional monomers are poor hydrophilic capacity, the syn-
hesized MIPs showed poor imprinted efficiency in water media.
urthermore, application of these MIPs is a very complicated pro-
edure which needs filtration or centrifugation. Consequently, it is
esirous to develop hydrophilic MIPs which can remove acid dyes
rom wastewater effectively, and can be easily collected.

The mag-MIPs can make separation process simple and fast,
ecause it can be easily collected by an external magnetic field
ithout additional centrifugation or filtration. Recently, mag-MIPs
ave been prepared and applied in pollution removal. For exam-
le, microwave heating was used in preparing mag-MIP beads
or removing trace triazines analysis in complicated samples
41]. Bovine serum albumin surface-imprinted sub-micrometer
articles with magnetic susceptibilities were prepared by using
iniemulsion polymerization method [42]. Core–shell magnetic
olecular imprinted polymers were prepared by the surface RAFT

olymerization for the fast and selective removal of endocrine dis-
upting chemicals from aqueous solution [37]. To the best of our
nowledge, there is no report on water-compatible mag-MIPs by
sing inverse emulsion–suspension polymerization.

In this work, new magnetic and hydrophilic molec-
larly imprinted polymers were prepared by inverse
mulsion–suspension polymerization and applied for remov-
ng water-soluble acid dyes from wastewater. The resulting
unctional material is easily operated due to the magnetism. Fur-
hermore, high removal efficiency and selectivity in adsorbing acid
yes can be achieved by applying the 1-MA-3MI-Br-mag-MIPs.
. Experimental

.1. Chemicals

Trimethylolpropane trimethacrylate (TRIM) were obtained
rom Chinese Qianjin Chemistry Reagent Factory (Tianjin, China).
 1-MA-3MI-Brponceau 5R

-soluble acid dyes and 1-MA-3-MI-Br.

Hydroxyethyl Cellulose (HEC), 4-vinyl pyridine (4-VP), meth acrylic
acid (MAA), and 2,2-azobisisobutyronitrile (AIBN) were purchased
from Beijing Chemical Reagent Factory (Beijing, China). Ama-
ranth, brilliant ponceau 5R, orange G, sunset yellow FCF, and
tratarzine (shown in Fig. 1) were supplied by Pure Crystal Shanghai
Reagent Co., Ltd. (Shanghai, China). Span80, methanol, acetic acid,
ammonia solution (28%) and ammonium acetate were obtained
from Guangzhou Chemical Reagent Factory (Guangzhou, China).
HPLC-grade methanol was purchased from Dima Technology (Rich-
mond Hill, USA). Ethylene glycols (PEG 6000) were obtained
from Xilong Chemical Plant (Shantou, China). Ferric chloride
(FeCl3·6H2O) and ferrous sulfate (FeSO4·7H2O) were supplied
from Shenyang Chemical Industry Corporation (Shenyang, China).
Strongly anion exchange solid phase extraction was obtained
from Agela Technologies’ Corporation (Tianjin, China). 1-(�-Methyl
acrylate)-3-methylimidazolium bromide (1-MA-3MI-Br) was syn-
thesized in our laboratory (shown in Fig. 1). The structure was
confirmed by 1H NMR and IR analysis. Water was purified through
a Milli-Q water system (Bedford, USA).

2.2. Instruments and analytical methods

Aliquots of 10 �L were analyzed on an HP 1100 HPLC system
(Agilent Technologies, Palo Alto, CA, USA), which consisted of a
HPLC pump operating at a flow rate of 1.0 mL/min, and DAD mon-
itoring the effluent at 254 nm for all compounds. The analytical
column was a 250 mm × 4.6 mm, 5 �m C18 column (Agilent, USA).
The mobile phase was methanol:20 mM ammonium acetate buffer
solution (20:80, V/V). IR spectra were recorded with a Shimadzu IR-
prespige-21 FT-IR spectrometer as KBr pellets (Tokyo, Japan). The
pH of each solution was measured by using microprocessor based
pH meter, model number HI 8424 (M/s Henna Instruments, Italy).

The size and morphology of 1-MA-3MI-Br-mag-MIPs was inves-
tigated by a scanning electron microscope (Philips XL-20®, FEI
Company, Hillsboro, OR, USA). The surface area of the synthesized
polymer was determined by an F-Sorb 3400 automatic surface area

analyzer (Gold APP Instrument, Beijing, China) in a BET nitrogen
adsorption and desorption mode after appropriate degassing and
drying of the sample. Thermal stability of the particles was mea-
sured using a thermogravimetric analyzer (TGA-50H, Shimadzu,
Japan). Measurements were conducted by scanning from room
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cheme 1. Synthesis route of water-compatible mag-MIPs and their application for
emoval of water-soluble acid dyes with the help of an external magnetic field.

emperature to 700 ◦C at a rate of 10 ◦C/min. Magnetic proper-
ies were analyzed using a vibrating sample magnetometer (VSM,
DJ9600, USA).

.3. Sample preparation

Wastewater was collected from a nearby factory in Nanchang,
nd the river water sample came from Gan Jiang River in Nan-
hang city, China. Samples were filtered through a 0.45 �m nylon
embrane (Gelman Sciences, Ann Arbor, USA) before using.

.4. Preparation of Mag-MIPs

The preparation of water-compatible mag-MIPs is schematically
llustrated in Scheme 1. It involves the synthesis of PEG–Fe3O4 mag-
etic fluid, the surface of PEG–Fe3O4 being packed by MIPs, final
lution of water-soluble acid dyes and generation of the recognition
ite.

.4.1. Preparation of Fe3O4
Firstly, 0.50 mol/L FeCl2 solution, 0.25 mol/L FeCl3 solution, and

mol/L NaOH solution were prepared, then 10 g PEG was added and
ompletely dissolved in 50 mL 60 ◦C water. Secondly, 10 mL FeCl2
olution and 40 mL FeCl3 solution were added in the PEG solution
nd reacted for 4 h at 60 ◦C followed by the drop wise addition of
0 mL NaOH solution. The final brown suspension was placed for
4 h quiescence, and the supernatant was discarded. The residues
ere Fe3O4 magnetic fluid.

.4.2. Preparation of inverse emulsion
2 mL toluene with 0.1 g AIBN was mixed in 50 mL beaker. When

IBN was dissolved, 10 mL TRIM and a drop of Span 80 were added
n the mixture and stirred to be uniform. Then 10 mL Fe3O4 mag-
etic fluid was added in the mixture. The mixture was stirred for
min, and then the mixture was submerged in the ultrasonic bath

Kedao Company, Shanghai, China) for 5-min irradiation. Finally,
he inverse emulsion can be obtained.

.4.3. Mag-MIPs and magnetic non-imprinted polymers
mag-NIPs) were prepared via inverse emulsion–suspension
olymerization

Firstly, 80 mL water was poured into 250 mL three-neck flask.
fter that, 0.15 g HEC was added and stirred until it dissolved. Sec-

ndly, 1 mmol tratarzine and 4 mmol 1-MA-3MI-Br were added
nto 50 mL water. After it dissolved, it was prepolymerized for
0 min. The mixture was added into the three-necked flask, and
ollowed by the addition of inverse emulsion. Thirdly, the reaction

ixture was heated and purged by N2 to remove the oxygen. The
aterials 187 (2011) 274–282

reaction temperature was preserved at 70 ◦C for 12 h. After the reac-
tion completed, the resulting mag-MIPs with uneluted molecule
were filtered by 120 mesh sieve and washed by methanol and 60 ◦C
water. Finally, the products were eluted by methanol/ammonia
solution (9/1, v/v) for 24 h. The mag-NIPs were prepared by the
same manner in the absence of template molecules.

Except the different functional monomers, the preparation
methods of MAA-mag-MIPs and 4-VP-mag-MIPs were as identical
as that of 1-MA-3-MI-Br-mag-MIPs.

2.5. Adsorption studies

1.0 g 1-MA-3-MI-Br-mag-MIPs were dispersed in 50 mL
100 mg/L acid dyes aqueous solution to investigate the effect of
pH value on the removal of water-soluble acid dyes from aqueous
solution. The initial pH value of the solutions was adjusted from 1
to 11 by using 0.5 mol/L HCl and 0.5 mol/L NaOH. The absorption
mixtures were shook at room temperature for 2 h. Adsorption
experiments for water-soluble acid dyes were conducted by a
batch method. The amounts of water-soluble acid dyes absorbed
by the polymers were evaluated by the residual concentrations
of it in the magnetic separated aqueous solutions, which were
determined by an HPLC with a DAD detector.

In order to evaluate the effect of concentration on the removal
efficiency with mag-MIPs, different concentrations 50, 100, 150,
200 mg/L of water-soluble acid dyes solutions were investigated.
After absorption, these mag-MIPs were separated under an external
magnetic field, and the supernatant was collected and analyzed by
HPLC.

In order to investigate the regeneration of 1-MA-3MI-Br-
mag-MIPs, adsorbed 1-MA-3MI-Br-mag-MIPs were dipped in
methanol/ammonia solution (9/1, v/v) for 24 h. After that, the 1-
MA-3MI-Br-mag-MIPs were separated and washed with distilled
water and then dried in a vacuum for the reuse.

Removal efficiencies of different kinds of water sources using
different sorbents were investigated. The performance of the
1-MA-3MI-Br-mag-MIPs, MAA-mag-MIPs and 4-VP-mag-MIPs in
removing water-soluble acid dyes was compared. After absorption,
these mag-MIPs were separated under an external magnetic field,
and the supernatant was collected and analyzed by HPLC.

2.6. 1-MA-3MI-Br-mag-MIPs and SAX-SPE conditions

2.6.1. SAX-SPE conditions
The SAX-SPE columns were conditioned with 10 mL methanol

and 10 mL acid water (pH = 2). 2 mL 10 mg/L spiked wastewater
(pH = 2) were loaded in SPE columns at the flow rate of 1 mL/min.
Then the cartridge was washed by 10 mL methanol. Finally, the SPE
cartridge was eluted with 2 mL methanol/hydrochloric acid solu-
tion (8:2, v/v) at the flow rate of 1 mL/min.

2.6.2. 1-MA-3MI-Br-mag-MIPs conditions
(a) Conditions: 1.0 g of 1-MA-3MI-Br-mag-MIPs was added into a

conical flask. The polymers were conditioned in sequence with
10.0 mL methanol and 10.0 mL water. The mag-MIPs were sepa-
rated by an external magnet and the supernatant was discarded.

(b) Extraction: 20 mL of 10 mg/L of water-soluble acid dyes spiked
wastewater was added into the conical flask, the mixture was
stirred for 15 min. The supernatant was discarded.
(c) Washing: The polymers capturing water-soluble acid dyes were
washed with 10 mL methanol. The supernatant was discarded.

(d) Elution: The water-soluble acid dyes were eluted from the 1-
MA-3-MI-Br-mag-MIPs by 6 mL methanol:ammonia solution
(9:1, v/v) three times.
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Fig. 3. Infrared spectra of Fe3O4 (a), PEG–Fe3O4 (b), and 1-MA-3-MI-Br-mag-MIPs
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Fig. 4. VSM magnetization curves of PEG–Fe O and 1-MA-3-MI-Br-mag-MIPs (a:
Fig. 2. SEM images of 1-MA-3MI-Br-mag-MIPs.

The elution was combined and evaporated to dryness under
itrogen gas at 60 ◦C, and the residue was reconstituted with 0.3 mL
f water for HPLC analysis.

. Results and discussion

.1. The characterization of 1-MA-3-MI-Br-mag-MIPs

.1.1. Morphology and surface area of 1-MA-3-MI-Br-mag-MIPs
The morphology of 1-MA-3MI-Br-mag-MIPs was observed by

EM. As is shown in Fig. 2, the well shaped particles with diam-
ter distribution from 20 to 100 �m are achieved. Majority of the
articles are spherical. Spherical molecular imprinting polymers
ave large surface area, indicating that large number of effective

mprinting sites could exist in the surface to rebind the template
olecules in aqueous media.
The surfaces areas of 1-MA-3MI-Br-mag-MIPs and 1-MA-

MI-Br-mag-NIPs were determined by nitrogen sorption mea-
urements. The surface areas of 1-MA-3MI-Br-mag-NIPs and
-MA-3MI-Br-mag-MIPs were 12.5 and 11.2 m2/g, respectively.
here is no obvious difference between the surface areas of 1-
A-3MI-Br-mag-MIPs and 1-MA-3MI-Br-mag-NIPs. Therefore, the

ifference of adsorption efficiencies between the 1-MA-3MI-Br-
ag-MIPs and 1-MA-3MI-Br-mag-NIPs in the subsequent study

ould not be attributed to the morphological difference of 1-
A-3MI-Br-mag-MIPs and 1-MA-3MI-Br-mag-NIPs, but to the

mprinting effect.

.1.2. FT-IR analysis of 1-MA-3-MI-Br-mag-MIPs
To ascertain whether imprinted polymers have successfully

acked on the surface of Fe3O4, FT-IR was employed to characterize
e3O4. In Fig. 3(a), the absorption band at 571 cm−1 corresponded to
he Fe–O bond for Fe3O4 particles. As shown in Fig. 3(b), the peaks at
340 cm−1 and 1470 cm−1, 2890 cm−1, 3430 cm−1 are attributed to
he flexure vibration of the C–H, the stretching vibration of C–H and
he stretching vibration of O–H bond, respectively, indicating that
he PEG are successfully packed on Fe3O4 surface. In Fig. 3(c), the
haracteristic peaks assigned to 1270 cm−1 (C–O), 1389 cm−1 and
480 cm−1 (C–H), 1730 cm−1 (C O), 2970 cm−1(C–H), 3450 cm−1

–OH) reveal that the PEG–Fe3O4 has converted to 1-MA-3-MI-Br-

ag-MIPs.

.1.3. VSM of 1-MA-3-MI-Br-mag-MIPs
VSM analysis was applied to study the magnetic property of

EG–Fe3O4 and magnetic 1-MA-3-MI-Br-mag-MIPs. The samples
3 4

PEG–Fe3O4, S, saturation magnetization is 31.43 emu/g; b: 1-MA-3-MI-Br-mag-
MIPs, S, saturation magnetization is 4.06 emu/g).

were dried at 300 K for the analysis. The magnetic hysteresis
loops illustrated in Fig. 4 show that the materials magnetically
respond to an external magnetic field. A saturation magnetiza-
tion of 31.43 emu/g is obtained on the PEG–Fe3O4 magnetite which
decreases to 4.06 emu/g due to the shielding of the polymeric
coating resulting from the modification process. However, the
1-MA-3-MI-Br-mag-MIPs with declined saturation magnetization
value also possess enough magnetic response to meet the need of
magnetic separation.

3.1.4. Thermogravimetric analysis of 1-MA-3-MI-Br-mag-MIPs
As shown in Fig. 5, the TG curve of 1-MA-3-MI-Br-mag-MIPs

is composed of three stage of mass change from room temper-
ature (RT) to 700 ◦C. The first stage occurred from RT to 298 ◦C,
the decrease of weight was 5.70%, which may due to the dehy-
dration of the water residues in the 1-MA-3-MI-Br-mag-MIPs. The
high weight decrease in the second stage from 298 ◦C to 435 ◦C was
80.10%, and the value is 3.26% in the third stage from 435 ◦C to
700 ◦C, which is caused by the loss of imprinted polymer layer. The
total mass loss is calculated to be 89.06 wt%. The residue can be
attributed to the more thermally resistant Fe3O4 magnetite, giving
a magnetite encapsulation efficiency of 10.94 wt%. The achieved

encapsulation efficiency was considerably high and satisfactory.
The result is consistent with the observation in the VSM analy-
sis.
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.2. Adsorption isotherms

The absorption isotherm experiments for 1-MA-3MI-Br-mag-
IPs and 1-MA-3MI-Br-mag-NIPs were carried out in the tratarzine

oncentration range of 0.05–0.60 g/L (Fig. 6). The amount of
bsorbed tratarzine per unit mass of the polymer increases along
ith the increasing of tratarzine initial concentrations, while the

inding amount of tratarzine on the imprinted polymer is much
igher than that on the non-imprinted polymer in the whole con-
entration range, displaying the molecular imprinting effect.

The Freundlich isotherm model is generally used to account for
eterogeneous binding sites in imprinted polymers [43–45].

reundlich model : log Q = log ˛ + m log C (1)

here Q (mg/g) is the amount of adsorbed analyte per unit of
olymer mass, and C (g/L) is the concentration of the analyte in

olution at equilibrium. ˛ and m are the two Freundlich constants.
he parameter m is the heterogeneity index, with values from 0 to
, indicating homogeneity of the sites.

Table 1 summarizes the fitting coefficients of the 1-MA-3MI-
r-mag-MIPs and 1-MA-3MI-Br-mag-NIPs, the apparent number of

lo
g
Q

0.60.50.40.30.20.10.0
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20

30

40

50

 1-MA-3-MI-Br-mag-NIPs

1-MA-3-MI-Br-mag-MIPs

Q
(m

g
/g

)

C(g/L)

A

ig. 6. Adsorption isotherm of tratarzine on 1-MA-3MI-Br-mag-MIPs and 1-MA-3MI-Br-
0 mL of tratarzine, shaking time 2 h, temperature 25 ◦C.

able 1
reundlich fitting parameters, weighted average affinity, and number of sites for 1-MA-3

m ˛

1-MA-3-MI-Br-mag-MIPs 0.58 ± 0.01 72.01 ± 1.7

1-MA-3-MI-Br-mag-NIPs 0.42 ± 0.04 20.01 ± 0.9

a Calculated for a concentration range log K = 1.51–0.24 (g/L).
aterials 187 (2011) 274–282

binding sites (NKmin
− NKmax ), and the apparent average association

constant (K̄Kmin−Kmax ), calculated using Eqs. (2) and (3).

NKmin−Kmax = ˛(1 − m2) (K−m
min − K−m

max) (2)

K̄Kmin−Kmax =
(

m

m − 1

)(
K1−m

min − K1−m
min

K−m
min − K−m

max

)
(3)

The values for these parameters can be calculated for any range
of binding affinities within the limits of the Kmin and Kmax being
equal to the reciprocal corresponding concentrations Kmin = 1/Cmax

and Kmax = 1/Cmin. The calculated results are listed in Table 1.
The data also show that NKmin

− NKmax of tratarzine in 1-MA-3-
MI-Br-mag-MIPs is 3.3 times higher than 1-MA-3-MI-Br-mag-NIPs.
This results show that the number of sites with adequate geometry
and good accessibility to tratarzine is higher in 1-MA-3-MI-Br-
mag-MIPs than that in 1-MA-3-MI-Br-mag-NIPs, demonstrating
the imprinting phenomenon.

3.3. Removal efficiency of water-soluble acid dyes using different
pH

In the work, pH value of the solution is an important factor in
controlling the surface charge of the adsorbent and the degree of
ionization of the adsorbent in the solution. Fig. 7 shows that the
removal efficiency of the 1-MA-3-MI-Br-mag-MIPs increases with
the decreased pH value. The acid dyes can be almost completely
adsorbed by 1-MA-3-MI-Br-mag-MIPs in the pH range from 1 to
3. Since hydrogen ions can easily combine with the bromide ion
of mag-MIPs in acidic media, the positively charged imidazole ring
of mag-MIPs would be in a state of lack of electron. Consequently,
electrostatic force can be formed between sulfonate ion of the acid
dyes and the positively charged imidazole ring. However, in alka-
line condition, the hydroxyl ions abundantly existing in the solution

are more negatively charged than sulfonate ions, resulting in poor
combining force between the sulfonate ions of the acid dyes and the
positively charged imidazole ring. Therefore, increasing initial pH
values of solution would result in the decrease in removal efficiency
of the 1-MA-3-MI-Br-mag-MIPs.

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

-0.2-0.4-0.6-0.8-1.0-1.2-1.4-1.6

1-MA-3MI-Br-mag-NIPs

 1-MA-3MI-Br-mag-MIPs

logC

B

mag-NIPs (A) and fitting to the Freundlich isotherm (B). Conditions: 0.1 g sorbent,
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R2 NKmin − NKmax (mg/g)a K̄Kmax−Kmax (mL/g)a

0.96 25.43 ± 0.60 8.12 ± 0.75

0.99 8.32 ± 0.69 6.87 ± 0.34
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to predict the adsorption kinetic and the overall rate-constant
appears to be controlled by an electrostatic interaction between

T
K

yes in different concentrations. Conditions: 1.0 g sorbent, 50 mL mixture of water-
oluble acid dyes, shaking time 2 h, temperature 25 ◦C.

.4. Effects of initial acid dye concentrations on the removal
fficiency of 1-MA-3-MI-Br-mag-MIPs

The plots in Fig. 8 show that high removal efficiencies of water-
oluble acid dyes are observed at low concentrations such as 50
nd 100 mg/L. Removal efficiencies of five kinds of water-soluble
cid dyes by applying 1-MA-3-MI-Br-mag-MIPs are almost 100%.
he efficiencies decline with the increased acid dye concentrations,

hich is caused by the limited capability of 1-MA-3-MI-Br-mag-
IPs.

able 2
inetic parameters of the second-order rate equation for five water-soluble acid dyes ads

Acid dyes Tratarzine Amaranth

k2 (g/mg/min) 0.0216 0.0143
qe (mg/g) 5.18 5.26
k2q2

e (mg/g/min) 0.573 0.400
R 0.997 0.998
Fig. 9. Removal kinetic curves of 1-MA-3MI-Br-mag-MIPs toward water-soluble
acid dyes. Conditions: 1.0 g sorbent, 50 mL of 100 mg/L mixture of water-soluble
acid dyes, shaking time 3 h, temperature 25 ◦C.

3.5. Removal kinetics of water-soluble acid dyes onto
1-MA-3-MI-Br-mag-MIPs

The removal kinetic curves of the 1-MA-3MI-Br-mag-MIPs in
adsorbing acid dyes depicted in Fig. 9 show that the removal process
consists of two stage. During the first stage, fast removal rates of the
dyes are observed, resulting from the abundant molecule imprinted
cavities on the surface of the 1-MA-3MI-Br-mag-MIPs. 20 min later,
the removal kinetic curves reach a stable platform, the second stage,
suggesting that the adsorption almost has reached the equilibrium.
The short time in reaching the adsorption equilibrium indicates that
the mag-MIPs are of high absorbability.

The removal kinetic curves of these five kinds of acid dyes fitted
the rate Eq. (4) developed by Ho and McKay [46]. The correspond-
ing kinetic parameters are summarized in Table 2. These kinetic
data gave a view of the mechanism of 1-MA-3MI-Br-mag-MIPs and
potential rate controlling steps.

t

qt
= 1

k2q2
e

+ 1
qe

t (4)

where qe is the equilibrium amount of water-soluble acid dyes
absorbed by the 1-MA-3MI-Br-mag-MIPs. qt is the absorption
amount of 1-MA-3MI-Br-mag-MIPs at any time. k2 is the second-
order rate constant at the equilibrium.

The data exhibit a linear relationship with R all above 0.995.
The calculated qe obtained from the pseudo-second-order model
(ranging from 5.00 to 5.18 mg/g) were close to the experimental qe

(ranging from 4.50 to 4.90 mg/g) values for the five water-soluble
acid dyes. Above observations show that this model can be applied
the sulfonate ion of water-soluble acid dyes and positively charged
imidazole ring of mag-MIPs.

orption on 1-MA-3-MI-Br-mag-MIPs.

Orange G Brilliant
Ponceau 5R

Sunset
Yellow FCF

0.0147 0.0140 0.0137
5.22 5.06 5.00
0.400 0.358 0.343
0.996 0.995 0.995
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Fig. 11. Removal efficiency of mag-MIPs and mag-NIPs. Conditions: 1.0 g sorbent,
50 mL of 100 mg/L mixture of water-soluble acid dyes, shaking time 2 h, temperature
25 ◦C.
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ig. 10. Removal efficiency of three different sorbents toward water-soluble acid
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.6. Comparison of removal efficiency

.6.1. Removal efficiency of water-soluble acid dyes using three
ifferent sorbents

The absorption investigations toward the water-soluble acid
yes at the optimal condition by applying 1-MA-3MI-Br-mag-
IPs, MAA-mag-MIPs and 4-VP-mag-MIPs were conducted to

valuate the removal efficiencies of these three mag-MIPs.
he corresponding data in Fig. 10 show that the efficiency
91.7–97.4%) on 1-MA-3MI-Br-mag-MIPs is much higher than
-VP-mag-MIPs (53.0–72.9%) and MAA-mag-MIPs (5.7–10.1%).
he high removal capacity of 1-MA-3MI-Br-mag-MIPs toward
ater soluble acid dyes can be attributed to the three inter-

ctions, hydrogen bonding, electrostatic, and �–� interactions,
etween the MIPs and template molecule. Moreover, the
emoval efficiency of 4-VP-mag-MIPs for water soluble acid
yes was also higher than that of MAA-mag-MIPs. That is
ecause 4-VP-mag-MIPs have hydrogen bonding and electro-
tatic interaction with template while MAA-mag-MIPs only
ave hydrogen-bonding action. These results reveal that the
bove multiple interactions enhance removal ability of 1-MA-
MI-Br-mag-MIPs in adsorbing the target compounds in water
nvironment.

.6.2. Removal efficiency of 1-MA-3MI-Br-mag-MIPs and
-MA-3MI-Br-mag-NIPs

Fig. 11 shows that the removal of water-soluble acid dyes by
mploying 1-MA-3MI-Br-mag-MIPs is more effective than 1-MA-
MI-Br-mag-NIPs. The removal efficiencies on 1-MA-3MI-Br-mag-
IPs in removing the five water-soluble are 95.5%, 92.4%, 91.7%,

7.4%, and 96.6%, respectively. While those on 1-MA-3MI-Br-mag-
IPs are 35.5%, 40.0%, 30.7%, 19.0%, and 39.5%, respectively. The
igher absorbability of 1-MA-3MI-Br-mag-MIPs is caused by the
bundant imprinted cavities providing the specific absorption for
he acid dyes. However, the 1-MA-3MI-Br-mag-NIPs only supply
he non-specific absorption, resulting in the poor performance in
emoving the dyes.

.6.3. Extraction efficiency of 1-MA-3MI-Br-mag-MIPs and SAX in
piked waste water
In order to compare the extraction performance of the 1-
A-3MI-Br-mag-MIPs and SAX-SPE, a wastewater sample was

reated as described in Section 2. Fig. 12 presents the HPLC chro-
atograms which correspond to the raw wastewater samples

A), spiked wastewater sample (B), spiked wastewater sample
sample after a clean-up on SAX-SPE (C), and spiked wastewater sample after a clean-
up on 1-MA-3-MI-Br-mag-MIPs (D). Peak 1: tratarzine; Peak 2: amaranth; Peak 3:
Orange G; Peak 4: Brilliant ponceau 5R; Peak 5: Sunset Yellow FCF.

after a clean-up by SAX-SPE (C), and spiked wastewater sample
after a clean-up by 1-MA-3MI-Br-mag-MIP-SPE (D). The wastew-
ater extracted by 1-MA-3MI-Br-mag-MIPs shows more stable
baselines and higher selectivity than that obtained by SAX-SPE.
According to the experiment results, the advantages of 1-MA-
3MI-Br-mag-MIPs compared with SAX are addressed as below.
Firstly, the application of 1-MA-3MI-Br-mag-MIPs can eliminate
most interference of complex matrix, which will facilitate the
detection and quantification of five kinds of water-soluble acid
dyes in this complex matrix. Secondly, the recoveries of five
kinds of water-soluble acid dyes on 1-MA-3MI-Br-mag-MIPs (from
91.7% to 97.4%) were higher than that of SAX-SPE (from 71.5%
to 91.0%). Moreover, the purities (purity = (the sum of the peak
areas of five acid dyes/total peak areas) × 100 % ) of the recycled

five kinds of acid dyes conducted by the 1-MA-3MI-Br-mag-MIPs
and SAX-SPE, are 93.2% and 53.4%, respectively. The high purity
of the five kinds of acid dyes by 1-MA-3MI-Br-mag-MIPs pro-
vides a possibility to recycle the acid dyes from the wastewater
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ater. Conditions: 1.0 g sorbent, 50 mL of 100 mg/L mixture of water-soluble acid
yes, shaking time 2 h, temperature 25 ◦C.

fficiently. Furthermore, 1-MA-3MI-Br-mag-MIPs can be easily
eparated by the external magnetic field, avoiding the complicated
rocess of filling column and pretreatment in traditional SAX-
PE. Consequently, the 1-MA-3MI-Br-mag-MIPs show a promising
otential in recycling the acid dyes from wastewater conve-
iently.

.6.4. Comparison with other adsorbents
Compared with other adsorbents, the adsorption capacity

f 71.12 mg/g obtained on 1-MA-3MI-Br-mag-MIPs is higher
han macroporous anion exchanger (acid blue 29, 21.40 mg/g)
25], chitosan (acid red 73, 27.5 mg/g) [27], and strongly basic
olystyrene anion exchange resins (tartrazine, 50.00 mg/g) [19].
lthough 71.12 mg/g is lower than that 133.30 mg/g obtained on
on-living aerobic granular sludge toward acid yellow, 1-MA-
MI-Br-mag-MIPs exhibits much higher selectivity in comparison
ith the aerobic granular sludge [9]. The above results indi-
ate that 1-MA-3MI-Br-mag-MIPs are reliable and effective
dsorbents to remove and utilize acid dyes from wastewa-
er.
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3.7. Removal efficiency of environmental water samples using
1-MA-3MI-Br-mag-MIPs

Removal efficiencies of 1-MA-3MI-Br-mag-MIPs in adsorbing
the water-soluble acid dyes from different water sources, 50 mL
100 mg/L of spiked waste water, drinking water, river water and
distilled water are illustrated in Fig. 13. As the plots shown us,
1-MA-3MI-Br-mag-MIPs exhibit almost 100% removal efficiencies
in removing water-soluble acid dyes from the different water
sources, suggesting that 1-MA-3MI-Br-mag-MIPs show a strong
anti-interference ability in different water environments.

3.8. Regeneration/reuse of 1-MA-3MI-Br-mag-MIPs

The stability and potential regeneration/reuse of the 1-MA-3MI-
Br-mag-MIPs were investigated. Removal efficiencies of repeating
application of 1-MA-3MI-Br-mag-MIPs are shown in Fig. 14. It is
stable for up to five adsorption cycles without obvious decrease in
the removal efficiency for water-soluble acid dyes. The experimen-
tal results indicate that the 1-MA-3MI-Br-mag-MIPs have excellent
reuse/regeneration ability.

4. Conclusions

Our study results demonstrate the several remarkable advan-
tages of the water-compatible 1-MA-3MI-Br-mag-MIPs to remove
and recycle the water-soluble acid dyes in water media. First of
all, the removal efficiency toward water-soluble acid dyes is very
high with all above 95% in distilled water, tap water, river water
and wastewater. Moreover, this method realizes an efficient way
to recycle the water-soluble acid dyes in water media; and the
1-MA-3MI-Br-mag-MIPs can be reused at least five times with-
out obvious decrease in the removal efficiency. Compared with
4-VP-mag-MIPs and MAA-mag-MIPs, the water-compatible 1-MA-
3MI-Br-mag-MIPs show higher removal efficiency and selectivity.
In addition, due to the encapsulated Fe3O4, the 1-MA-3MI-Br-
mag-MIPs can be easily separated by external magnetic field.
Consequently, employing 1-MA-3MI-Br-mag-MIPs as absorbents
avoids the complicated process of filling column and pretreatment
in traditional SAX-SPE, which is a reliable, effective and convenient
method to remove and recycle water-soluble acid dyes in aqueous
media.
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