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a b s t r a c t

Molecularly imprinted polymers for bisphenol A (BPA) were prepared by using surface molecular imprint-
ing technique. Analogues of BPA, namely 4,4′-dihydroxybiphenyl and 3,3′,5,5′-tetrabromobisphenol A,
were used as the dummy templates instead of BPA, to avoid the leakage of a trace amount of the target
analyte (BPA). The resulting dummy molecularly imprinted polymers (DMIPs) showed the large sorption
capacity, high recognition ability and fast binding kinetics for BPA. The maximal sorption capacity was

−1
eywords:
PA
ater sample
olecular imprinted polymers

olid-phase extraction

up to 958 �mol g , and it only took 40 min for DMIPs to achieve the sorption equilibrium. The DMIPs
were successfully applied to the solid-phase extraction coupled with HPLC/UV for the determination of
BPA in water samples. The calibration graph of the analytical method was linear with a correlation coeffi-
cient more than 0.999 in the concentration range of 0.0760–0.912 ng mL−1 of BPA. The limit of detection
was 15.2 pg mL−1 (S/N = 3). Recoveries were in the range of 92.9–102% with relative standard deviation
(RSD) less than 11%. The trace amounts of BPA in tap water, drinking water, rain and leachate of one-off
tableware were determined by the method built, and the satisfactory results were obtained.
. Introduction

Bisphenol A (BPA) is widely used in the production of polycar-
onate plastics, epoxy resins. Therefore, it is usually found in many
lastic consumer products including water pipes, drinking con-
ainers and tableware [1]. Many evidences have shown that BPA
as toxic properties, inducing estrogenic endocrine disruption and
romotion of tumorigenic progression [2]. Recent study has indi-
ated that BPA even at extremely low concentration (0.23 pg mL−1)
ould initiate the derangement of corpuscular functions to make

he disorder of estrogenic hormone secretion [3]. Because of the
ide availability of BPA in the environment, and human being at the

op of food chain in the natural world, the potential adverse effects

f BPA on human health have generated a great concern. Therefore,
t is very necessary to monitor trace BPA in environmental water
amples.
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The trace analysis of environmental water samples generally
needs a pretreatment step in order to reduce the matrix interfer-
ence and enrich the analyte. Solid-phase extraction (SPE) is the
currently leading technique for the extraction of pollutants from
environmental liquid samples [4], and the development of new sor-
bent materials in this field is highlighted. In particular, increasing
the selectivity of sorbent in the extraction of analytes from large
sample volume is highly desirable for monitoring trace analytes
in complex samples [5]. Molecularly imprinted polymers (MIPs) as
SPE sorbents have attracted considerable attention for being easy to
prepare and being able to adsorb the template molecules selectively
from a mixture of chemical species.

There are some reports that MIPs for BPA have been used as
SPE sorbents [6–13] and seem to become the promising devel-
opment to circumvent the drawbacks of traditional SPE sorbents
[14–17]. However, most previous MIPs for BPA were prepared by
bulk polymerization or precipitation polymerization. As we know,
these kinds of MIPs exhibit high selectivity but serious templates
leakage and poor site accessibility. This is because the imprinted
polymatrices are usually thick, the residual template molecules and

the recognition sites are embedded in the matrices deeply.

To avoid the leakage of the residual BPA template molecules, the
structural analogues of BPA, such as p-t-octylphenol (OP), p-tert-
butylphenol (BP) and 4,4-methylenebisphenol (MBP), were used as
templates [18–21], and corresponding MIPs are so-called “dummy
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Table 1
Preparation of DMIPs with different templates.
24 W. Zhao et al. / Journal of Haza

olecularly imprinted polymer” (DMIP). DMIP can effectively pre-
ent the inaccurate determination of the trace target compound.

Recently, nanostructured, surface imprinted materials have
ttracted considerable research interest [22–24]. The supports of
he surface imprinted materials are silica nanoparticles which are

echanical/chemical stability, low cost, and ease of preparation.
ost recognition sites are situated at the surface of the mate-

ials or in the proximity of the surface, and this makes target
olecules faster to rebind and easier to remove [25]. The nanopar-

icles have a small dimension with high surface-to-volume ratio
nd contain more recognition sites. In our previous study, we pre-
ared BPA-imprinted polymers at the surface of 400 nm-sized silica
icroparticles [26]. The BPA-imprinted polymers we prepared had

he characteristics of high sorption capacity and fast and selec-
ive binding for BPA, and were successfully used as SPE sorbents
o determine BPA in chemical cleansing and cosmetics samples.

In this study, we prepared DMIPs for BPA at the surface
f 400 nm-sized silica microparticles by using 4,4′-dihydroxybis-
henyl (DDBP) and 3,3′,5,5′-tetrabromobisphenylas (TBBPA) as
ummy templates for the first time. The efficacy of the prepared
MIPs was evaluated by dynamic sorption and static sorption tests.
omparison between the DMIPs and C18 was also made. Finally, the
MIP was successfully applied to solid-phase extraction coupled
ith HPLC/UV to determine the trace BPA in real water samples.

ncouraging results were obtained.

. Experimental

.1. Materials and chemicals

4,4′-Dihydroxybiphenyl (DDBP), 3,3′,5,5′-tetrabromobisphenol
(TBBPA), 4-vinylpyridine (4-VPY), vinyltrimethoxysilane (VTTS),

nd ethylene glycol dimethacrylate (EGDMA) were all pur-
hased from Sigma-Aldrich (USA). Bisphenol A (BPA), p-tert-
utylphenol (BP), and tetraethylorthosilicate (TEOS) were pur-
hased from Sinopharm Chemical Reagent Co., Ltd. (China).
zo-bis-isobutyronitrile (AIBN) was purchased from Shanghai

ingchun Chemical Reagent Co., Ltd. (China) and purified through
ecrystallization in ethanol before use. Ultra pure water was
btained from a PURELAB Classic water purification system (PALL,
SA). Methanol was of HPLC-reagent grade and all other chemicals
sed were of analytical grade.

.2. Instrumentation

The chromatographic system consisted of a Waters 515 HPLC
ump and a Waters 2487 Dual � absorbance detector (Waters,
SA). All separations were carried out on a Diamonsil C18 col-
mn (250 mm × 4.6 mm I.D., 5 �m packing) with a flow rate of
.0 mL min−1 at 33 ◦C. The UV detector was operated at 278 nm for
PA, DDBP and BP, and 292 nm for TBBPA, respectively. Analytical
ample injector was equipped with 20 �L sample loop. The mobile
hase was composed of methanol and ultra pure water (80:20). FT-

R spectra were recorded on a TENSOR 27 spectrometer (Bruker,
ermany). The concentrations of the BPA before and after the sorp-

ion were recorded by a UV2450 spectrophotometer (Shimadzu,
apan).

The DMIP–SPE study was carried out in an off-line mode using
solid-phase extraction cartridge supplied by Dalian Institute of
hemical Physics, Chinese Academy of Sciences.
.3. Preparation of dummy molecularly imprinted polymer

.3.1. Preparation of uniform silica particles
Uniform silica microparticles were synthesized by the hydrol-

sis of TEOS according to the reported Stöber method [27] and
Template Functional monomer Cross-linker

DMIP1 DDBP 1 mmol 4-VPY 4 mmol EGDMA 5.5 mmol
DMIP2 TBBPA 1 mmol

purified by a centrifugation method. The size of the silica micropar-
ticles was around 400 nm in diameter with excellent size mono
disperse.

2.3.2. Chemical modification on the surface of silica particles
0.5 mL of VTTS was added to a suspension of 400 nm-sized silica

microparticles (100 mg) in 20 mL of toluene. The above solution
was stirred for 5 min, and then appropriate aqueous ammonia was
added. The mixture was stirred over night at room temperature.
The product was collected by centrifugation and then washed with
toluene.

2.3.3. Imprinting at the surface of modified silica microparticles
Modified silica microparticles obtained above were dispersed in

20 mL of toluene by ultrasonic vibration. DDBP or TBBPA as a tem-
plate, 4-VPY as a functional monomer, EGDMA as a cross-linker and
AIBN (80 mg) as an initiator were all dissolved in the above solu-
tion. The preparation of DMIPs with different templates is shown
in Table 1.The polymerization reaction was carried out at 65–70 ◦C
under nitrogen for 24 h. The non-imprinted polymer (NIP) was pre-
pared identically except for the addition of template molecules.

The polymers were separated by centrifugation, washed with
a mixture of methanol and acetic acid (9:1, v/v) to remove the
templates. A UV spectrometer was then employed to confirm that
washout of template molecules was complete, as determined by
absorbencies of template molecules (278 nm for DDBP and 292 nm
for TBBPA). Finally, the polymers were washed with methanol to
neutral. The resulting particles were dried at 60 ◦C for 12 h.

2.4. Evaluation of sorption characteristic of DMIPs

Dynamic and static sorption tests of the imprinted and non-
imprinted silica microparticles were carried out according to the
reported methods [28]. The concentrations of the BPA were moni-
tored by a UV spectrophotometer.

2.5. Evaluation of DMIPs as SPE sorbents

2.5.1. Comparison between DMIP–SPE and C18–SPE
DMIPs, C18 and NIPs, each weighing 100 mg, were packed into

empty 3 mL polypropylene SPE cartridge, respectively. After the
columns were accordingly preconditioned with 5.0 mL of methanol
and 5.0 mL of ultra pure water, a serial of ultra pure water (10 mL,
50 mL and 100 mL), each spiked with 228 ng of BPA, were loaded
onto the SPE columns at the speed of 0.5 mL min−1, respectively.
Each column was washed with 5.0 mL of 0.1% triethylamine aque-
ous solution before being eluted with 3.0 mL of methanol. The
elution was dried under a stream of nitrogen and the residue was
redissolved with 1.0 mL of MeOH/H2O solution (80:20, v/v), and
then analyzed by HPLC via UV detection.

2.5.2. Selective extraction of BPA from BPA and its analogues on
DMIP1–SPE column

The selective extraction of BPA from BPA and its analogues

(TBBPA, DDBP and BP) were investigated on the DMIP1–SPE col-
umn. The chemical structures of BPA and its analogues are shown
in Fig. 1. The loading solutions were a serial of 10 mL of ultra pure
water containing 10 nmol of BPA and different amounts of TBBPA,
DDBP and BP. The molar ratios of BPA to its analogues in the loading
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Fig. 1. The molecular structures of BPA, DDBP, TBBPA and BP.

olution were 1:1, 1:2, 1:3, 1:4 and 1:5, respectively. After the same
ashing and elution procedures described above, the compounds

n elution fractions were analyzed by HPLC via UV detection.
In order to find out the maximum loading volume that could be

ustained by the DMIP1–SPE without leakage of the analyte, 10 mL,
0 mL, 100 mL, 250 mL, 500 mL and 1000 mL of ultra pure water,
ach containing 228 ng of BPA, were loaded on the DMIP1–SPE
olumn, respectively.

.6. Method validation and application to real samples

DMIP1–SPE coupled to HPLC–UV was developed to determine
he trace BPA in real samples. The linearity of the analyti-
al method was evaluated by a calibration curve in the range
f 0.0760–0.912 ng mL−1 of BPA (n = 5). The ultra pure water
as spiked with BPA to achieve final concentrations of 0.0760,

.152, 0.304, 0.608, and 0.912 ng mL−1. The limit of detection
LOD) was defined as three times ratio of signal to noise.
he loading volume of aqueous BPA standard solution was
50 mL.

For the assessment of the accuracy and the precision, real sam-

les spiked with BPA were tested by the method built.

The containers used to collect water samples were all made of
ry and clear glass bottles to prevent BPA contamination. After
eing filtered through a 0.22 �m filter, the collected water sam-
les were stored in dark at 4 ◦C and the further SPE procedure was

Fig. 2. Schematic representation of the possible process of mo
Materials 179 (2010) 223–229 225

accomplished within 24 h to avoid any microbial degradation of
analytes.

The tap water was collected from the laboratory. The drinking
water was the boiled purified water from a plastic barrel installed in
water dispenser. The rain was collected at Gulou District (Nanjing,
China) in June; 2009. The leachate of the plastic cup and food box
was collected from the containers steeped with 150 mL of ultra pure
water at 80 ◦C for 1 h [29]. The loading volume of each sample was
150 mL.

3. Results and discussions

3.1. Preparation of dummy molecularly imprinted polymers

Fig. 2 showed the possible preparation process of molecular
imprinting at the surface of 400 nm-sized silica microparticles. It
illustrated the two major steps involved in the imprinting synthesis.
First, the silica microparticles were chemically modified with VTTS.
Ethylenic linkages were coated on the surface of the microparticles.
Secondly, the template (DDBP or TBBPA), the functional monomer
(4-VPY) and the cross-linker (EGDMA) copolymerized on the sur-
face of the modified silica microparticles. After the residues of the
reactants and the template were removed, a large number of tailor-
made cavities on the surface of silica microparticles were formed,
and the DMIPs were finally obtained.

Herein, DMIPs were synthesized by noncovalent imprinting
method. Since all non-covalent forces are significantly influenced
by the properties of solvent [30], five kinds of solvents including
methanol, acetonitrile, tetrahydrofuran, chloroform and toluene
were investigated. The experimental results showed that the DMIPs
prepared in toluene obtained the highest molecular recognition
ability. The probable reasons are those, first, the polarity of toluene
is the lowest among the above solvents, which do not weaken the
strength of hydrogen bond between the template molecule and
functional monomer. Secondly, reactants dissolve more easily in
toluene. Thirdly, toluene can produce suitable pore size [31]. There-
fore, toluene was chosen as the solvent in the process of imprinting
at the surface of modified silica microparticles.
3.2. Characteristic of the FT-IR spectra

To confirm the successful modification on the surface of silica
microparticles and preparation of DMIPs and NIPs, FT-IR spec-

lecular imprinting at the surface of silica microparticles.
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ig. 3. FT-IR spectra of (a) pure silica microparticles; (b) modificated silica micropar-
icles; (c) DMIPs; (d) NIPs.

ra were obtained for pure silica microparticles, modified silica
icroparticles, DMIPs and NIPs. In Fig. 3a, the adsorption observed

t 3404 cm−1 attributed to the hydroxyl group on the surface of
he pure silica microparticles. In Fig. 3b, the above adsorption dis-
ppeared. The adsorption observed around 3000–3063, 1604 and
411 cm−1 indicated the existence of C C–H group in the modi-
ed silica microparticles. The characteristic peaks of pyridine ring
ere overlaid with those of C C–H group. Therefore, the peaks of
yridine ring in DMIPs and NIPs were not obvious in Fig. 3c and 3d,
espectively. But, a strong adsorption at 1731 cm−1 indicated the
xistence of the C O group in DMIPs and NIPs.

.3. Evaluation of the sorption characteristic of DMIPs

The sorption capacities Q (�mol g−1) were calculated by the
ollowing equation: Q = (C0 − C) V/W, where C0 and C were the
emplate concentrations (�mol L−1) in the solutions which were

easured initially and after sorption, respectively; V (L) was the
olume of the bulk solution and W (g) was the weight of the
articles. The binding isotherm of BPA onto DMIPs and NIPs is
howed in Fig. 4. The sorption capacity of DMIP1, DMIP2 were 918,
58 �mol g−1, respectively, which were about three times that of
he corresponding NIP. The sorption capacities of the DMIPs pre-
ared were superior to those of most MIPs using BPA as a template

eported in the literature [7,32–34]. The largest sorption capacity
f MIPs for BPA in the literature was 298 �mol g−1, which was only
ne-third of ours. The reason may be that the present DMIPs con-
ained more recognition sites for being prepared at the surface of

Fig. 4. Sorption isotherms of the DMIP and NIP sorbents for BPA.
Fig. 5. Sorption kinetics of the DMIPs and NIPs for BPA (0.25 mmol L−1).

smaller size silica microparticles and owning greater surface-to-
volume ratio.

Previously, BP and OP were used as templates to synthesize
DMIPs for BPA. Since they occupied only one interaction site when
rebinding with BPA, the DMIPs reported had much poorer ability
to recognize BPA when compared with the MIPs using BPA as a
template [19–21]. The dummy templates we chose were DDBP and
TBBPA, which have two interaction sites, and more structurally sim-
ilar to BPA than BP and OP. So, the DMIPs in our study had stronger
sorption capacity and higher selectivity to bind BPA.

Binding studies were also carried out at different time intervals.
As shown in Fig. 5, it only took 40 min for DMIP1, DMIP2 and NIP to
achieve the equilibrium. The DMIPs had a faster sorption kinetics
feature than the BPA-imprinted polymers in the previous reports
[33–35], which spent at least 4 h to reach the equilibrium. Since
the recognition sites of BPA-imprinted polymers in the literature
existed not only at the surface but also in the deep polymer matrix,
it took a longer time for target to access the binding sites in the
deep polymer. The binding sites of the DMIPs prepared were at the
surface or in the proximity of the surface. So it is an easy diffusion
for target to access the recognition sites. This merit is especially
favorable for SPE.

3.4. Evaluation of DMIPs as SPE sorbents
3.4.1. Comparison between DMIP–SPE and C18–SPE
Fig. 6 showed that BPA was retained on the DMIP–SPE columns

with recoveries in the range of 83.9–106%. However, only about
75% of BPA was recovered for NIP and C18 SPE columns. It was

Fig. 6. Recoveries of BPA after loading of 10 mL, 50 mL and 100 mL aqueous solution
of BPA onto the DMIPs, NIPs and C18 columns, respectively.
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ig. 7. Recoveries of BPA, TBBPA, DDBP and BP on the DMIP1–SPE columns with
ifferent molar ratios of BPA to its analogues.

bvious that DMIP–SPE columns were superior to the C18 and NIP
PE columns.

.4.2. Evaluation of DMIP1 as SPE sorbents
The selective extraction of BPA among BPA and its structural

nalogues (TBBPA, DDBP and BP) was studied on the DMIP1 column.
rom Fig. 7, we could find that only DDBP and BPA were selectively
etained on the column. DDBP had high recoveries of 89.1%–95.9%
ecause it was used as the template in the preparation of DMIP1.
he recoveries of BPA were around 90% in different situations even
f the concentrations of BPA analogues were five times that of BPA.
BBPA and BP were poorly retained, and their recoveries were less
han 30%. Therefore, the DMIP1–SPE column had not only high
electivity, but also an adequate ability of anti-interferences.

Breakthrough volume is an important factor which indicates the
nrichment ability of a SPE column for the target analyte at a very
ow concentration. As shown in Table 2, there is no BPA loss (analyte
reakthrough) even if 1 L of BPA standard solution was loaded. The
reakthrough volume of the DMIP–SPE column was twice as much
s that reported in Alexiadou’s paper [6]. It indicated that DMIPs
n our study could be used as SPE sorbents for extracting trace
PA from environmental samples where high volumes of water are
sually loaded.

Moreover, the present DMIPs had two advantages over the pre-
ious BPA-imprinted polymers we prepared [26]. One was that the
resent DMIPs could bind BPA in water while the later could only
ind BPA in organic solvents. The reason may be that the DMIPs
ontained pyridine ring and this made their polarity increased. The
ther was that the DMIPs as SPE sorbents could avoid the leakage
f a trace amount of the target analyte (BPA).

.5. Method validation and application to real samples

Under the optimized conditions of HPLC–UV coupled to
MIP1–SPE, the calibration graph was linear with a cor-
elation coefficient of >0.999 in the concentration range
f 0.0760–0.912 ng mL−1. The regression equation was
= 3015C + 137.83, where C is the concentration of BPA, and
is the peak area. The LOD was 0.0506 ng mL−1, and the rel-

able 2
ecoveries of the different volumes of BPA loaded on the DMIP1–SPE.

Sample volume (mL) Spiked level (ng mL−1) Recovery (%)

10 22.8 93.2
50 4.56 97.7

100 2.28 92.5
250 0.912 94.8
500 0.456 89.2

1000 0.228 110
Fig. 8. Chromatograms of water samples (a) without SPE, (b) with DMIP1–SPE: (1)
the ultra pure water; (2) The tap water; (3) The drinking water; (4) Leachate of
plastic cup; (5) Leachate of food box; (6) The rain.

ative standard deviation (RSD) was 5.7% at a concentration of
0.304 ng mL−1 (n = 5).

To demonstrate the application of the method, real environ-
mental samples, i.e. tap water, drinking water, rain and leachate
of one-off dishware were analyzed. The chromatograms are repre-
sented in Fig. 8. As shown in Fig. 8a, BPA in all the samples could
not be detected by HPLC via UV detection without enrichment. After
150 times enriched by DMIP1–SPE, BPA could be detected and the
resulting chromatograms are shown in Fig. 8b. From Fig. 8a and 8b,
we also found that there was no BPA detected in ultra pure water
before and after SPE. So, ultra pure water did not affect the experi-
mental results when it was used as solvent to prepare BPA standard
solutions and leachate of one-off dishware.

The contents of trace BPA in all samples were displayed in
Table 3. The amount of BPA in the purified water (drinking water),
which is commonly used in Chinese families, was more than that
in the tap water. The possible reason was that some components

made by resin were used in the water purification system. The con-
centrations of BPA in the leachate of plastic cup and food box were
0.164 ng mL−1 and 0.207 ng mL−1, respectively. By the way, we also
tested BPA in paper cup, and found that the concentration of BPA in
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Table 3
Determination of BPA in environmental samples (n = 5).

Sample Concentration (ng mL−1) RSD (%) BPA spiked (ng mL−1) Recovery (%) RSD (%)

Tap water 0.0855 8.9 0.0912 102 8.2
Drinking water 0.122 13.7 0.152 101 10.9
Leachate of plastic cup 0.164 8.0 0.152 92.9 6.9
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Leachate of food box 0.207 9.8
Rain 0.590 11.8

* Due to high content of BPA, no BPA was added to the rain sample.

he leachate of paper cup was very high and could be easily assayed
ithout enrichment. So, it suggested that people minimize the use

f one-off tableware. This is of benefit to both human health and
nvironmental protection. The concentration of BPA in the rain was
.590 ng mL−1, which was highest in all water samples. Because

arge amounts of BPA are produced annually, BPA enters air parti-
les during production at plastics manufacturing plants. Moreover,
he standard BPA solutions were added to the all samples except
ain sample to obtain the recovery (shown in Table 3). BPA in the
amples were assayed with good recovery and precision. The aver-
ge recoveries were in the range of 92.9–102%, and the RSDs were
ess than 10.9%. It indicated that the method was accurate, selective
nd practical for the determination of trace BPA in environmental
ater samples.

. Conclusions

We prepared DMIPs for BPA by using surface molecular imprint-
ng technique. The analogues of BPA, i.e. DDBP and TBBPA, were
sed as the dummy templates instead of BPA, to prevent inaccurate
etermination of trace BPA in water samples in case of the leakage
f BPA remaining in the MIPs. The resulting DMIPs showed the large
orption capacity and fast binding kinetics for BPA. DMIP1 as solid-
hase extraction sorbent was successfully coupled with HPLC/UV
o determine the trace amounts of BPA in tap water, drinking water,
ain and leachate of one-off dishware.

It is believed that an ultra trace level of BPA will be obtained
f the DMIP–SPE is coupled with more sensitive detectors, such as
uorescence detector and mass spectrum detector, etc, or when the

oading volume of samples is increased.
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