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Abstract Phthalates represent a potential risk for humans,
since they are ubiquitous environmental contaminants.
Efficient extraction and purification procedures are demanded
for the detection of low concentration levels of phthalates. In
this work, a novel type of molecularly imprinted polymers
coated onto the surface of vinyl functionalized multi-walled
carbon nanotubes was synthesized and coupled with gas chro-
matography–mass spectrometry (GC/MS) for the selective
separation and determination of dioctyl phthalate (DOP) in
beverage samples. The morphology, structure property, and
thermostability of the resultant polymers were characterized
by transmission electron microscopy, Fourier transform infra-
red spectroscopy, and thermogravimetric analysis. The ad-
sorption properties of the prepared polymers were investigated
by equilibrium rebinding and competitive experiments. The
resultant imprinted nanomaterials exhibited high capacity and
favorable selectivity. In addition, the feasibility of the devel-
oped method using the obtained imprinted polymers as a
solid-phase sorbent coupled with GC/MS for the selective
isolation and determination of DOP in different beverage sam-
ples was demonstrated. Under optimal conditions, the limit of
detection of the proposed method for DOP was 2.3 ng L−1.
DOP spiked at three levels of concentration in beverage sam-
ples was extracted and determined through the application of
the present method, with recoveries ranging from 88.6 to
93.0 % with relative standard deviations less than 5.6 %.
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Introduction

Phthalates (PAEs), such as dioctyl phthalate (DOP), dibutyl
phthalate (DBP), and di-(2-ethylhexyl) phthalate (DEHP), are
primarily utilized as plasticizers to improve the flexibility and
extensibility of polymeric materials in plastic industry
(Aragón et al. 2013; Del Carlo et al. 2008). Because PAEs
are only physically bound to the polymer chains, they can be
released from the polymer products to the environment, even
to the food and beverage which are packed with plastic mate-
rials (Zhang and Chen 2014). Several studies have suggested
that some PAEs are recognized as ubiquitous environmental
contaminants and have adverse effects on human health due to
their suspected carcinogenic, teratogenic, and endocrine
disrupting action (Fu and Du 2011; Luo et al. 2012; Wang
et al. 2013b). Therefore, it is of great significance to arouse
public attentions on the use of PAEs and develop reliable
analytical methods to monitor the residual PAEs in food
samples.

Many approaches have been described for determination of
PAEs in different samples, including high-performance liquid
chromatography (HPLC) (Liang et al. 2008; Luo et al. 2014),
gas chromatography (GC) (Nanni et al. 2011; Yan et al. 2010),
and gas chromatography–mass spectrometry (GC/MS)
(Cinelli et al. 2014; Liu et al. 2013; Wang et al. 2013c).
Because of interference from the complex matrix of food
samples, the PAE analysis requires extensive sample pre-treat-
ment, for example, solid-phase extraction (SPE) (Del Carlo
et al. 2008; Ji et al. 2013; Liu et al. 2013) and liquid-liquid
micro-extraction (Guo and Lee 2014; Liang et al. 2008).
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Generally, sample pre-treatment is performed by SPE. This
technique is faster, simpler, and more economical than tradi-
tional liquid-liquid extraction, but the materials used in SPE
lack selectivity (Lv et al. 2012; Wen et al. 2014). Accordingly,
there is considerable attention on developing an effective ex-
traction method prior to the measurement. Novel imprinted
polymers as sorbents represent an interesting tool to meet
the requirements of high selectivity and easy separation (Du
et al. 2013; Hao et al. 2015).

Molecularly imprinted polymers (MIPs) are synthetic ma-
terials possessing specific recognition ability to target mole-
cules. The imprinted materials can be produced by polymeri-
zation of functional monomers and cross-linkers in the pres-
ence of template molecules. After removal of the templates, a
number of pre-determinative binding cavities are left in the
polymeric network and complementary to the shape, size,
and functionality of the templates (Jung et al. 2010; Wang
et al. 2013a). Most MIPs for PAEs have been prepared
by traditional bulk polymerization, which suffer from draw-
backs in some aspects, for example, a tedious process of
grinding and sieving, poor site accessibility, low binding ca-
pacity, and slow binding kinetics (Qian et al. 2011; Tang et al.
2014). To solve these problems, the surface molecular im-
printing technique has been developed to control the binding
sites situated at the surface of support materials, which has
advantages of high selectivity, enhanced adsorption, and fast
mass transfer. During the past decade, surface imprinting had
adopted various support nanomaterials, including silica nano-
particles, nanotubes, nanowires, quantum dots, and magnetic
nanoparticles (Anirudhan et al. 2014; Gao et al. 2014; Wei
et al. 2012; Wang et al. 2013d; Huang et al. 2008).
Among these supports, multi-walled carbon nanotubes
(MWNTs) have gained much attention due to their unique
mechanical properties and extremely huge surface area
(Tunckol et al. 2013). To date, some studies have proven suc-
cessful the combination between MWNTs and MIPs, with a
superior performance compared to the sole MIPs. Zhang and
co-workers have prepared a novel composite of MWNTs-
MIPs by using melamine as template molecules (Zhang
et al. 2011). Xu and Xu have reported the MWNT/MIP nano-
composite for selective recognition of ribavirin (Xu and Xu
2012). Yang et al. have developed the core-shell MIPs for
specific recognition of 2,4-dichlorophenoxyacetic acid (Yang
et al. 2013). To our knowledge, the MIPs of DOP prepared by
surface molecular imprinting technique, especially occurring
at the surface of MWNTs, have not been explored.

Herein, we prepared core-shell nanocomposites consisting
of a MWNT core surrounded by a thin imprinting layer for
specific recognition of DOP for the first time. The morpholo-
gy, chemical structure, and thermal stability of the obtained
nanomaterials were characterized. The thin imprinting shell
was approximately 15 nm and could enable the template rec-
ognition sites to be accessed easily, providing high adsorption

capacity and satisfactory selectivity. Meanwhile, the resultant
polymers coupled with GC/MS were successfully applied for
the determination of trace DOP in beverage samples.

Experiment

Chemicals and Reagents

DOP), DBP, and DEHP were purchased from Crystal Pure
Industrial Co., Ltd. (Shanghai, China). MWNTs (diameter 40–
60 nm, length 15–5 μm) were purchased from Nanotech Port
Co., Ltd. (Shenzhen, China). Ethylene glycol dimethacrylate
(EGDMA), methacrylic acid (MAA), and allyl chloride were
purchased from Aladdin Company (Shanghai, China).
Azobisisobutyronitrile (AIBN), sodium ethylate, acetonitrile
(ACN), methanol (MeOH), acetic acid (AA), nitric acid, and
sulfuric acid were provided by Chemical Reagents Co., Ltd.
(Xi’an, China). All the reagents used were of analytical grade
except for acetonitrile of chromatographic grade. The ultrapure
water (18.0 MΩ cm−1) was obtained from a WaterPro water
system (Axlwater Corporation, TY10AXLC1805-2, China)
and used throughout the experiments. Beverage samples (includ-
ing juice—orange juice, dairy drinks—nutri-express, and car-
bonated drinks—sprite) were purchased from the local market
(Xi’an, China).

Instrumentation and Conditions

PAE detection was performed using gas chromatography/
mass spectrometer GC/MS-QP2010 (Shimadzu, Japan)
equipped wi th a cap i l l a ry co lumn (RXi-5 ms,
30 m × 0.25 mm × 0.25 μm) and an auto-injector
(Shimadzu, AOC-20i). Helium was used as the carrier gas
at a flow rate of 1.2 mL min−1, and the injection volume was
1 μL. The injection port and detector temperature were 250
and 280 °C, respectively. The GC oven was initially held at
75 °C for 2 min; then, the temperature was increased to
280 °C at a rate of 20 °C min−1 and held for 8 min. The
samples were injected at the split mode with the split ratio of
10:1. The solvent delay time was 2 min. The analytes were
analyzed in selective ion monitoring mode for quantitative
determination. The morphologies of the resultant polymers
were evaluated by transmission electron microscope (TEM;
Tecnai G2). The infrared spectra of the obtained
nanomaterials in KBr were recorded using a Fourier trans-
form infrared spectrometer (FT-IR; Nicolet AVATAR 330)
with a resolution of 4 cm−1 and a spectral range of 4000–
400 cm−1. The thermal stabilities of the products were ana-
lyzed by thermogravimetric analysis (TGA-209C; Netzsch,
Germany) under nitrogen atmosphere, over the temperature
of 20–600 °C at a heating rate of 20 °C min−1.
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Pre-treatment of MWNTs

Preparation of multi-walled carbon nanotubes with carboxyl
groups (denoted as MWNTs-COOH) was carried out accord-
ing to a previous procedure (Yola et al. 2014). Briefly, crude
MWNTs (0.5 g) were dispersed into 100 mL of concentrated
sulfuric acid and nitric acid (3:1, v/v) by sonication for 10 min.
The mixture was stirred continuously at 85 °C for 4 h under
reflux. After cooling to the room temperature, the mixture was
filtered through a 0.22-μm microporous membrane and
washed thoroughly with ultrapure water several times until
pH of the filtrate was neutral. Finally, the filtered solid was
dried under vacuum at 80 °C for 24 h.

Vinyl group functionalized MWNTs (denoted as MWNTs-
CH=CH2) were synthesized according to the published meth-
od (Hua et al. 2013). The obtained MWNTs-COOH (60 mg)
and sodium ethoxylate (0.25 g) were suspended in 50 mL of
anhydrous tetrahydrofuran and sonicated for 30 min at room
temperature. Subsequently, 5 mL of 3-allyl chloride was
added into the mixture and incubated on an oscillator at
60 °C for 2 h. The product was collected and dried in a vac-
uum desiccator at 80 °C for 24 h for further use.

Preparation of MWNTs-MIPs
and MWNTs-nanomolecularly imprinted polymers

The MWNTs-MIPs were synthesized as follows: MWNTs-
CH=CH2 (200 mg) was suspended into 25 mL of acetonitrile
and mixed with 0.5 mmol of DOP and 2 mmol of MAA. The
mixture was incubated for 2 h with magnetic stirring at room
temperature. Then, 10 mmol of EGDMA and 20 mg of AIBN
were added into this mixture and deoxygenated by nitrogen
gas for 5 min. The sealed reaction was allowed to continue at
60 °C for 24 h under oscillation for polymerization. After that,
the resulting products were eluted with the mixture solution of
methanol and acetic acid (9:1, v/v) several times by a Soxhlet
apparatus to remove the template. Finally, the obtained

polymers were rinsed with highly purified water to remove
the remaining acetic and dried in a vacuum desiccator at
80 °C for 24 h. As a reference, nanomolecularly imprinted
polymers based on the surface of multi-walled carbon nano-
tubes (denoted as MWNTs-NIPs) were prepared using the
above procedures in the absence of the template DOP.

Static Adsorption Test

To investigate the binding ability of the prepared nanocom-
posites, 20 mg of MWNTs-MIPs or MWNTs-NIPs were
suspended into 5 mL of DOP standard solution at various
concentrations ranging from 10 to 80 μg mL−1. The mixtures
were shaken for 30 min at the room temperature and separated
by centrifugation. The concentrations of DOP in the superna-
tants were determined by GC/MS. The amount of DOP bound
to the nanomaterials could be calculated according to the fol-
lowing formula:

Q¼ Co−CÞV=Mð

whereQ (mg g−1) represents the adsorption capacity,C0 andC
(μg mL−1) are the initial and equilibrium concentration of
DOP, respectively, V (mL) is the volume of the solution, and
M (mg) is the mass of the polymers.

The Scatchard analyis (Ma and Chen 2013) was used to
evaluate the number of binding sites. The equation is listed as
follows:

Q

C
¼ Qmax−Q

Kd

where C (μg mL−1) is the free DOP concentration at equilib-
rium, Q (mg g−1) is the amount of DOP bound to MWNTs-
MIPs at equilibrium, Qmax (mg g−1) is the apparent maximum
adsorption capacity, and Kd is dissociation constant. The
values of Kd and Qmax can be calculated from the slope and
intercept of the linear line plotted in Q/C versus Q.

Fig. 1 The scheme of the
synthetic route for MWNTs-MIPs
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Competitive Adsorption Study

The selectivity test was also performed via comparing the
rebinding amount of other phthalates (DBP and DEHP) with
DOP on the MWNTs-MIPs and the MWNTs-NIPs. Twenty
milligram of MWNTs-MIPs or MWNTs-NIPs was added into
5 mL of mixed acetonitrile solution of DBP, DEHP, and DOP
at a concentration of 70 μg mL−1. The procedures were the
same as static adsorption test.

Real Sample Analysis

Juice, dairy drinks, and carbonated drinks purchased from
local supermarket (Xi’an, China) were spiked with DOP at
three levels (0.05, 0.1, and 0.5 ng mL−1) for analysis.
Twenty milliliter of three beverage samples were put into cen-
trifuge tubes containing 10 mL of acetonitrile and thoroughly
mixed by ultrasonic vibration for 30 min, respectively. The
mixtures were centrifuged at 4000 rpm for 10 min. The insol-
uble fractions of the mixtures were discarded, and the super-
natants were filtered through a 0.22-μm filter. The filtrate was
dried with a stream of nitrogen and dissolved in 20 mL of
acetonitrile. Sixty milligram of MWNTs-MIPs was dispersed
into 20 mL of the above treated beverage samples containing
DOP, and the mixtures were incubated for 30 min on an os-
cillator at room temperature. After centrifugation, the
MWNTs-MIPs which absorbed DOP were eluted with a mix-
ture of methanol-acetic acid (9:1, v/v), and then, the elution
was collected and evaporated to dry under a nitrogen stream.
Finally, the residue of the elution was dissolved in 0.2 mL of
acetonitrile and measured by GC/MS.

Result and Discussion

Preparation of MWNTs-MIPs

The synthesis of MWNTs-MIPs via a surface imprinting pro-
cess is illustrated in Fig. 1. The procedure involves modifica-
tion of vinyl groups on the surface of MWNTs, anchoring
imprinting films onMWNTs by selective polymerization with
vinyl groups and final extraction of template molecules to
generate the specific recognition sites. First, the crude
MWNTs were oxidized by sulfuric acid and nitric acid (3:1,
v/v) to obtain carboxyl-modified MWNTs. Next, vinyl groups
were functionalized on the surface of carboxyl-modified
MWNTs with allyl chloride. Then, the imprinting films were
coated on the vinyl groups functionalized MWNTs by molec-
ular imprinting technique. The films were prepared in the
presence of template molecule (DOP), functional monomer
(MAA), cross-linking agent (EGDMA), and initiator
(AIBN). Finally, after removal of the template molecule with

the mixture of methanol and acetic acid (9:1, v/v), the
MWNTs-MIPs were obtained.

Characterization

The morphologies of the MWNTs and MWNTs-MIPs were
examined by TEM. As displayed in Fig. 2, the MWNTs are in
the form of individual tube (Xiao et al. 2013) with the diam-
eter of 40–60 nm (Fig. 2a). After the process of molecular
imprinting, the diameter of MWNTs-MIPs increases to 70–
90 nm, corresponding to a 15-nm-thick imprinting film cov-
ering the MWNTs (Fig. 2b). The thickness of this imprinted
polymer layer will be effective for mass transport between the
solution and the surface of MWNTs-MIPs.

In order to characterize the chemical structures of the syn-
thetic materials, FT-IR spectra of MWNTs, MWNTs-COOH,
MWNTs-CH=CH2, and MWNTs-MIPs are shown in Fig. 3.
The crude MWNTs (curve a) almost have no obvious adsorp-
tion bands (Gao et al. 2011). The characteristic peaks at 3489
and 1645 cm−1 (curve b) represent the stretching vibrations of
−OH and C=O, indicating that the −COOH groups have been

Fig. 3 FT-IR spectra of MWNTs (a), MWNTs-COOH (b), MWNTs-
CH=CH2 (c), and MWNTs-MIPs (d)

Fig. 2 TEM images of MWNTs (a) and MWNTs-MIPs (b)
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modified onto MWNTs through oxidation. In the spectrum of
MWNT-CH=CH2 (curve c), the absorption bands at 1625 and
1718 cm−1 correspond to stretching vibrations of C=C and
C=O, suggesting that the vinyl groups have been grafted on
the surface ofMWNTs. For curve d, the typical peaks at 1728,
1226, and 1155 cm−1 come from C=O stretching vibration of
carboxylic (MAA) and C-O stretching vibration of esters
(EGDMA) (Jin et al. 2013), demonstrating the formation of
MWNTs-MIPs.

To study the thermal stabilities of MWNTs, MWNTs-
COOH, MWNTs-CH=CH2, and MWNTs-MIPs, the TGA
measurements were carried out. As shown in Fig. 4, the pris-
tine MWNTs (curve a) and MWNTs-COOH (curve b) exhibit
no considerable weight loss below 600 °C. The MWNTs-
CH=CH2 (curve c) have a slight weight loss of 10.9 % be-
tween 125 and 600 °C, probably due to the thermal degrada-
tion of the grafted vinyl groups and the residual unreacted
oxygen-containing substances. The MWNTs-MIPs (curve d)
display an obvious weight loss about 57.5 % between 340 and
420 °C; this could be because of the thermal decomposition of
the imprinted polymers. The results indicate that the MIPs
account for about 46.6 % of the total weight, which could
further state that the imprinted layers have been successfully
coated on the surface of MWNTs.

Equilibrium Rebinding Study and Scatchard Analysis

The binding capacities of MWNTs-MIPs and MWNTs-
NIPs for DOP were investigated in different initial con-
centrations ranging from 10 to 80 μg mL−1 (Fig. 5a).
The amounts of DOP bound to MWNTs-MIPs and
MWNTs-NIPs increased along with increasing the initial
concentration, and the adsorption reached saturation
when the initial concentration was above 70 μg mL−1.
The amount of DOP bound to MWNTs-MIPs was dra-
matically higher than that of MWNTs-NIPs at the same
initial concentration. The results demonstrated that the
recognition sites on the surface of MWNTs-MIPs had
better chemical and steric matching with the template
DOP. On the contrary, the MWNTs-NIPs had no
imprinted sites and non-specific adsorption had a dom-
inant effect. Thus, the adsorption capacity of MWNTs-
NIPs was lower.

The saturation binding data were further processed with the
Scatchard equation to estimate the binding properties of
MWNTs-MIPs. The Scatchard equation is

Q= DOP½ � ¼ Qmax�Qð Þ=KD

where Q is the amount of DOP bound to MWNTs-MIPs at
equilibrium,Qmax is the apparent maximum adsorption capac-
ity, [DOP] is the free analytical concentration at equilibrium,
and KD is the dissociation constant. The values of KD and
Qmax can be calculated from the slope and intercept of the
linear plot of Q/[DOP] versus Q.

As presented in Fig. 5b, the Scatchard plots consisted of
two distinct linear sections with different slopes and inter-
cepts. The linear regression equations for the left and right
parts of the biphasic curve were Q/[DOP]=−52.93+500.4Q
(r= 0.9956) and Q/[DOP] =−13.20 + 363.9Q (r= 0.9924).
The values of KD are 18.9 and 75.8 μg mL−1, and Qmax are
9.5 and 27.5 mg g−1, respectively. The results illustrated that
there were two kinds of binding sites in the imprinting
materials.

Fig. 5 Equilibrium adsorption of
MWNTs-MIPs and MWNTs-
NIPs for DOP (a) and Scatchard
analysis to estimate the binding
properties of MWNTs-MIPs (b)

Fig. 4 TGA curves of MWNTs (a), MWNTs-COOH (b), MWNTs-
CH=CH2 (c), and MWNTs-MIPs (d)

2030 Food Anal. Methods (2016) 9:2026–2035



Competitive Adsorption

Two other PAEs (DBP and DEHP) were selected as structural
analogues to evaluate the selectivity of MWNTs-MIPs and
MWNTs-NIPs. The results are shown in Fig. 6. The adsorp-
tion capacity of DOP on MWNTs-MIPs was about 1.5 and 2
times higher than that of DBP and DEHP, respectively. In
contrast, the adsorption capacities were of little differences
between DOP and its structural analogues on MWNTs-NIPs.
This fact could be explained considering that the cavities left
in MWNTs-MIPs were complementary in size and shape to
the template DOP, while there were no imprinted sites in
MWNTs-NIPs. These results further verified that the

imprinted polymers could specifically recognize DOP from
complicated matrices.

Optimization of the Eluting Conditions for Molecularly
Imprinted Solid-Phase Extraction

In order to obtain high recovery of DOP, the elution step is
crucial to ensure that the template molecules are completely
removed. The factors affecting the elution efficiency, includ-
ing solvents, volume, and time, were investigated (Fig. 7).

Elution Solvent

Effect of elution solvent on the extraction performance of
MWNTs-MIPs was studied by comparing the elution effi-
ciencies of ACN, ACN-AA (95:5, v/v), MeOH, MeOH-
AA (95:5, v/v), and MeOH-AA (90:10, v/v). The results
(Fig. 7a) indicated that MeOH-AA (90:10, v/v) had rela-
tively higher eluting ability for DOP absorbed by
MWNTs-MIPs than other elution solvents. The major rea-
son might be that MeOH-AA (90:10, v/v) had the stron-
gest ability to damage the interactions between DOP and
MWNTs-MIPs. According to the results, MeOH-AA
(90:10, v/v) was chosen as optimal elution solvent.

Fig. 7 The effects of elution
solvents (a), volume (b), and time
(c) on the extraction performance
of DOP

Fig. 6 Selective adsorption of DOP, DBP, and DEHP on MWNTs-MIPs
and MWNTs-NIPs
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Elution Volume

To investigate the effect of elution volume, different
volumes of elution solvent were examined. As shown
in Fig. 7b, we could see that the recovery of DOP
absorbed by MWNTs-MIPs exhibited an upward trend
with increasing the volume of eluent and attained a
pinnacle at the volume of 5 mL. Further increase in
volume of eluent did not result in a significant incre-
ment in recovery but only in the waste volume. Thus,
on the basis of the elution efficiency and solvent con-
sumption, 5 mL was selected as optimal elution volume
for this experiment.

Elution Time

Similarly, elution time is an important factor affecting
recovery; therefore, it was investigated as well. The col-
lected MWNTs-MIPs were eluted with MeOH-AA
(90:10, v/v, 5 mL) by constant oscillation. Different time
intervals (3–40 min) were tested. Figure 7c shows that
20 min was sufficient to achieve the better elution

efficiency. Therefore, the optimal elution time of
20 min was used in the experiments.

Method Validation

Under optimal extraction conditions, the presented mo-
lecularly imprinted solid-phase extraction (MISPE)-GC/
MS method was validated in terms of linearity, limits of
detection (LODs), and limit of quantification (LOQ).
The calibration curve was constructed by plotting the
chromatographic peak areas versus corresponding con-
centrations. Good linearity (R2 = 0.9990) was obtained
in the range of 0.01–20 ng mL−1. The LOD and LOQ
based on the signal-to-noise ratio of 3 and 10 were 2.3
and 7.7 ng L−1, respectively, indicating that the devel-
oped method was of satisfactory sensitivity.

Different methods for determination of DOP were sum-
marized briefly in Table 1. As can be seen, compared with
other analytical methods (He et al. 2010; Jin et al. 2013;
Luo et al. 2012; Özer and Güçer 2011; Yan et al. 2012),
the present method offered a relatively wide linear range
and a lower LOD, suggesting that the approach developed
in this work is sensitive.

Analysis in Beverage Samples

To evaluate the accuracy and practical applicability of the
developed method, the beverage samples spiked with three
levels (0.05, 0.1, and 0.5 ng mL−1) of DOP were analyzed
and each concentration was measured three times. As
shown in Table 2, the recoveries of DOP in juice, dairy
drink, and carbonated drink samples ranged from 89.4 to
91.6, 88.6 to 91.0, and 90.6 to 93.0 %, respectively. The
RSDs were less than 5.6 %. The results demonstrated that
the MWNTs-MIPs coupled with GC/MS could satisfy the
need of selective isolation and determination of trace DOP
in beverage samples.

The typical chromatograms of juice (Fig. 8a), dairy
drink (Fig. 8b), and carbonated drink (Fig. 8c) samples

Table 2 The analysis results of DOP in three spiked beverage samples
(n = 3)

Samples Added
(ng mL−1)

Found
(ng mL−1)

Recovery
(%)

RSD
(%)

Juice 0.05 0.0447 89.4 4.9

0.1 0.0901 90.1 4.2

0.5 0.458 91.6 3.7

Dairy drinks 0.05 0.0443 88.6 5.6

0.1 0.0899 89.9 5.1

0.5 0.455 91.0 4.4

Carbonated drinks 0.05 0.0453 90.6 4.5

0.1 0.0915 91.5 3.8

0.5 0.465 93.0 3.1

Table 1 Comparison with other
published methods for the
determination of DOP

Methods Linear range LOD References

MI-SPE-HPLC 0.1–10 mg L−1 0.018 mg L−1 Jin et al. 2013

MSPE-GC/MS 0.2–50 ng mL−1 0.0049 ng mL−1 Luo et al. 2012

SPE-GC/MS 0.10–1.0 mg mL−1 3.8 μg L−1 Özer and Güçer 2011

MISPE-GC/MS 0.005–0.1 mg mL−1 0.021 μg L−1 He et al. 2010

DMI-SPE-GC/FID 5.0–750.0 μg L−1 1.38 μg L−1 Yan et al. 2012

MISPE-GC/MS 0.01–20 ng mL−1 2.3 ng L−1 This work

MISPE molecularly imprinted solid-phase extraction, MSPE magnetic solid-phase extraction, SPE solid-phase
extraction, MISPE molecularly imprinted solid-phase extraction, DMI-SPE dummy molecular imprinting and
solid-phase extraction
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spiked with DOP at the concentration of 0.1 ng mL−1

and elution of adsorbed MWNTs-MIPs are displayed.
As seen from the chromatograms in Fig. 8, the peaks
of DOP could not be observed in the spiked samples
(Fig. 8a-a, b-a, c-a). However, after the pre-treatment of
spiked beverage samples with MWNTs-MIPs, and wash-
ing with methanol and acetic acid (9:1, v/v), the peaks
of DOP appeared distinctly at the appropriate retention
time (15.36 min) and other interference peaks were al-
most eliminated (Fig. 8a-b, b-b, c-b). The results con-
firmed that DOP in the spiked beverage samples could
be selectively isolated by the MWNTs-MIPs and
enriched by the washing step.

Conclusion

In summary, we prepared a type of nanomolecularly
imprinted polymers used as sorbents for the selective
separation and enrichment of trace DOP in beverage
samples. TEM images, FT-IR spectra, and TG analysis
were used to prove that the MIPs were coated on the
surface of functionalized MWNTs. The as-prepared
nanomaterials possessed high adsorption capacity and
selectivity for template DOP. Furthermore, the obtained
imprinted polymers were successfully used as SPE ad-
sorbents coupled with GC/MS for specific isolation and

detection of DOP from beverage samples. The proposed
approach showed the features of selectivity, simplicity,
and sensitivity. At the same time, good recoveries and
low LODs were obtained. The results demonstrated the
potential application of the MWNTs-MIPs as solid-phase
extractant for highly efficient and cost-effective sample
analysis.
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