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Abstract

A new polymeric sorbent synthesised by exploiting molecular imprinting technology has been used to selectively extract naphthalene
s naphthalene
s issolved in
a olecularly
i ract a group
o s percolated
t higher than
8 bro river.
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ulfonates (NSs) directly from aqueous samples. In the non-covalent molecular imprinting approach used to prepare this polymer, 1-
ulfonic acid (1-NS) and 4-vinylpyridine (4-VP) were used as a template molecule and functional monomer, respectively, and both d
mixture of methanol/water (4:1) as porogen together with the cross-linker ethylene glycol dimethacrylate. The new non-covalent m

mprinted polymer (MIP) prepared in aqueous environment was used as a sorbent in solid-phase extraction (SPE) to selectively ext
f naphthalene mono- and disulfonates. When one litre of a standard aqueous solution, which contained a mixture of eight NSs, wa

hrough the SPE cartridge, all the NSs were retained on the MIP because of the cross-reactivity of the polymer. Recoveries were
0% for all the compounds even after a clean-up step with methanol (MeOH). The MIP was also used to analyse water from the E
2004 Elsevier B.V. All rights reserved.

eywords:Water analysis; Cross-reactivity; Molecularly imprinted polymers; 1-Naphthalene sulfonic acid

. Introduction

Naphthalene sulfonates (NSs) are aromatic compounds
hat show low biodegradability, high polarity and high toxic-
ty. All these properties make them potentially hazardous for
he environment in particular surface and ground waters are
f concern with regard to drinking water quality[1]. The pres-
nce of these pollutants in the environment can be attributed
ainly to their use in the chemical industry[2]. For these rea-

ons, NSs have been investigated for some time, and several
nalytical methods have been developed to determine them

n environmental water[3–7]. Reversed-phase ion-pair liquid
hromatography has been the most used method[1,2,6–10].
he characteristics of NSs make the interactions of these ana-

ytes with reversed-phase columns too weak to separate them

∗ Corresponding author. Tel.: +34 977 558 170; fax: +34 977 559 563.
E-mail address:marce@quimica.urv.es (R.M. Marcé).

effectively; consequently, other retention mechanisms u
an ion-pairing agent have to be exploited[1].

In environmental samples naphthalene sulfonates are
mally present at low concentrations and an enrichment
is required for their quantification. Ion-pair solid-phase
traction (ion-pair SPE) is the most commonly used pre
centration procedure for these analytes. However, ion
SPE suffers from some drawbacks in respect of aqueous
ples since other ionic species can compete in the form
of the ion-pair, thus interfering with the SPE process[2].
Consequently the recoveries and therefore the breakth
volumes decrease considerably[11]. Thus it would be ver
advantageous to work without using an ion-pairing rea
in the SPE procedure and this would be possible using s
tive SPE materials such as molecularly imprinted polym
(MIPs) [12–15].

The main advantage of this class of sorbents, compar
conventional sorbents, is the inherent molecular selectiv

021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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the sorbent[16], which enables MIPs to extract one specified
compound from a complex mixture of compounds, although
in some cases the MIP shows cross-reactivity and is able to
recognise also structurally related analytes[17–22].

In this study, a new non-covalently MIP has been prepared
and evaluated for the extraction of a group of NSs from water
samples. Non-covalently MIPs are usually synthesised in ap-
olar, aprotic organic solvents because polar solvents can dis-
rupt hydrogen bonding interaction between the template and
the functional monomer. Moreover, if ionic interactions are
also established then polar, protic solvents can disrupt such
interactions also. However, it has been previously reported
[23–26] that some times is also possible to use a mixture
of polar solvents as porogen (such as MeOH/water) when a
polar compound is used as template in which a combination
of the hydrophobic effect and ionic interactions will be the
responsible in the molecular recognition step. To our know-
ledge this is the first time that an imprinted polymer has been
synthesised using 1-naphthalene sulfonic acid as a template
molecule using a mixture of methanol/water (4:1) as porogen.
Thus, in the present paper a water compatible MIP, which is
quite helpful when using aqueous samples, has been synthe-
sised.
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Fig. 1. Chemical structures of the naphthalene sulfonates (NSs) used to
probe the selectivity of the MIP.

4-OH), naphthalene-2-sulfonic acid sodium salt (2-NS),
naphthalene-1,5-disulfonic acid disodium salt (1,5-NDS),
2-naphthylamine-1,5-disulfonic acid disodium salt (1,5-
NDS-2-NH2), naphthalene-2,7-disulfonic acid disodium salt
(2,7-NDS), 1-naphthol-3,6-disulfonic acid disodium salt
(3,6-NDS-1-OH); all sourced from Fluka. Standard solutions
of each compound at a concentration of 1000 mg l−1 were
prepared in Milli-Q quality water. The 2-NS, was solubilised
in Milli-Q water/methanol 70:30 (v/v).

Other compounds such as naphthalene, phenol (Ph),
4-nitrophenol (4-NP), 2,4-dinitrophenol (2,4-DNP), 2-
chlorophenol (2-CP), 4-chlorophenol (4-CP), 2-nitrophenol
(2-NP), 2,4-dimethylphenol (2,4-DMP), oxamyl, methomyl,
bentazone and 4-chloro-2-methyl-phenoxy acetic acid
(MCPA), supplied by Aldrich and Fluka, were used to check
the selectivity of the MIP for other polar compounds.

2.2. Instrumentation

The liquid chromatographic system consisted of two LC-
10AD pumps, a DGU-14A degasser, a CTO-10A oven and
a SPD-10A UV spectrophotometric detector from Shimadzu
(Tokyo, Japan). The injection loop volume was 20�l and the
analytical column was a 25 cm× 0.4 cm i.d. Tracer Extrasil
ODS2, 5�m, supplied by Teknokroma (Barcelona, Spain).
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.1. Reagents and standards

The chemicals used for the polymer syntheses
-naphthalenesulfonic acid dihydrate (1-NS) from
cado Research Chemicals (Lancarshire, England
inylpyridine (4-VP) and ethylene glycol dimethacryl
EGDMA) from Aldrich (Steinheim, Germany) and 2,′-
zobisisobutyronitrile (AIBN) from Acros Organics (Ge
elgium). The monomers were purified prior to use via s
ard procedures in order to remove stabilisers. The A
as recrystallised from acetone and the methanol dried
olecular sieves.
The HPLC-grade methanol was provided by SDS (Pey

rance) and the water collected from a Millipore water pu
ation system (Milli-Q water). The phosphoric acid was fr
robus (Badalona, Spain) and the disodium hydrogen p
hate, the sodium dihydrogen phosphate and the tetra
mmonium bromide (TBA) were from Panreac (Barcelo
pain), Probus and Fluka (Buchs, Switerland), respect
he latter were to prepare the mobile phase.

Other reagents used to modify the pH of the sam
ere hydrochloric acid (37%) from Probus, sodium hyd

de (NaOH) from Prolabo (Fontenay, France), triethylam
TEA) from Aldrich and pyridine, which was used in t
ashing step, from Fluka.
The structurally related naphthalene sulfonate p

ants (Fig. 1) used to investigate the selectivity of t
olymers were 2-naphthylamine-1-sulfonic acid (1-
-NH2), 1-naphthol-4-sulfonic acid sodium salt (1-N
.3. Preparation of the imprinted polymer

The imprinted polymer was prepared by the non-cova
pproach. The molar ratio template: functional monom
ross-linker was (1:4:20) in which 1-NS (2.28 mmol) w
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the template molecule, 4-VP (9.12 mmol) was selected as
the functional co-monomer, EGDMA (45.6 mmol) was the
cross-linking monomer and AIBN (1.00 mmol) was the ini-
tiator. Due to the high polarity of the template, a mixture
of methanol/water (4:1, v/v) (13.33 ml) was used as poro-
gen. Other solvents were also evaluated as possible poro-
gens to avoid the presence of water during the polymerisation
(note: water can disrupt hydrogen bonding or ionic interac-
tions between templates and the functional monomers), but
the template was not completely soluble in any of them. All
the components were mixed in a 25 ml thick-walled glass
tube fitted with a screw cap and added in the following or-
der: template, water, 4-VP, methanol, EGDMA and AIBN.
This solution was cooled in an ice bath, sparged with oxygen-
free nitrogen for five minutes, sealed under nitrogen and then
left in a cooled bath at 5◦C for 24 h while irradiated with a
50 Hz Black-Ray Non-UV Semi-conductor Inspection Lamp,
Model B 100 AP. The polymer obtained was then left in a wa-
ter bath at 60◦C for 24 h to maximise the cure and to ensure
formation of a rigid, stable monolith. The MIP was crushed
mechanically, ground and wet-sieved using acetone to ob-
tain regularly sized particles with diameters between 25 and
38�m suitable for the MISPE evaluations.

A reference, non-imprinted polymer (NIP), which did not
contain the template, was prepared in parallel with the im-
p
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NaOH (1 M) and 20�l samples injected onto the analytical
column.

River samples were filtered through a 0.45�m filter prior
to any experiment.

3. Results and discussion

To evaluate the imprinting effect of a MIP, a chromato-
graphic evaluation is often performed. For this purpose, a
chromatographic column (15 cm× 0.46 cm i.d.) was packed
with the MIP by following a standard in-house procedure
[12].

Several different mobile phases were investigated in-
cluding MeOH, MeOH/water (95:5), MeOH/water (80:20),
MeOH/water/pyridine (92.5:2.5:5), MeOH/pyridine (95:5),
MeOH/acetic acid (80:20) and MeOH/TBA (80:20). How-
ever, no chromatographic peaks were obtained when 10�l of
10 mM 1-NS was injected onto the column, which suggested
that the analyte was still retained on the MIP and that the
affinity was strong under these particular chromatographic
conditions. Therefore, the imprinting effect was evaluated by
SPE instead.

3.1. MISPE
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rinted polymer using the same synthetic protocol.

.4. Chromatographic conditions

The mobile phase used in the MISPE experiments w
ixture of two solvents[2]. Solvent A, the aqueous com
onent, contained 8 mM of disodium hydrogen phosph
mM of sodium dihydrogen phosphate and 7 mM of TBA
illi-Q water and the pH was adjusted to 6.5 with phosph
cid. Solvent B was methanol (MeOH). The flow-rate of
obile phase was 1 ml min−1 and the gradient profile wa
0–50% B from 0 to 25 min, and then isocratic elution
min. The oven temperature was set at 40◦C and all com
ounds were detected at 230 nm.

.5. MISPE procedure

The MISPE study was developed in an off-line mode u
solid-phase extraction manifold supplied by Teknokr

Barcelona, Spain) connected to a vacuum pump. Two
red milligrams of polymer suspended in Milli-Q water w
acked into a 6 ml SPE cartridge. Prior to any extraction
olymer was washed with an eluting mixture of MeOH/wa
4:1) containing 10% NaOH (1 M) until no more residual te
late (1-NS) was eluted from the polymer. For the MISPE
eriments the polymer was conditioned with 15 ml of Me
nd 15 ml of acidified Milli-Q water (pH 2.3). The requir
ample volume (adjusted to pH 2.3 with HCl) was app
o the conditioned cartridge and the polymer then wa
ith 20 ml of MeOH. The retained analytes were deso
sing 5 ml of a mixture of MeOH/water (4:1) containing 1
Two hundred milligrams of the polymer was packed
polyethylene cartridge. Off-line SPE was chosen as the

erred method of analysis because in this way the mos
ective solvents could be used to elute the analyte from
IP. Thus, a mixture of naphthalene mono- and disulfo
cid compounds, some of which are hydroxyl and/or am
ubstituted was percolated through the cartridge.

Several parameters were optimised in the SPE proce
irstly, the sample pH was investigated to optimise the in
ctions between the analytes and the MIP in the loading
ccordingly, the samples were prepared in Milli-Q water
cidified Milli-Q water (pH 2.3). Twenty five millilitres o

hese solutions spiked with 5 mg l−1 of the NSs mixture wer
ercolated through the MIP. The recovery of each analy

his loading step was determined by measuring the con
ration of the analyte in the aqueous solution eluted from
artridge. The compounds were strongly retained on the
hen the sample was prepared in acidified Milli-Q wa
owever, when the sample was in pure Milli-Q water, v

ittle of each analyte was retained (30%). This observati
resumably a reflection of the fact that electrostatic inte

ions between the analytes and the pyridyl group residu
he polymer would be expected to have higher affinity a
ower pH value.

The elution step was therefore optimised for sample
ivered in acidic water. Five-millilitre volumes of differe
lution solvents such as MeOH/water (4:1), MeOH/w
4:1) containing 10% of TEA, and MeOH/water (4:1) c
aining 10% of NaOH (1 M) were tested. The analytes w
ot eluted when MeOH/water was used as the eluting sol
owever, when 10% of TEA or 10% of NaOH (1 M) we
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added to MeOH/water (4:1), the compounds were eluted with
high recoveries although TEA gave rise to slightly distorted
peaks for all analytes. To avoid this distortion MeOH/water
(4:1) containing 10% of NaOH (1 M) was chosen as the elu-
tion solvent. Thus, not only did the distortion disappear with
this elution solvent but the recoveries of the analytes were
also slightly higher than those obtained using TEA.

To evaluate the imprinting effect of the MIP a clean-up
step was included. 5 ml volumes of dichloromethane (DCM),
acetonitrile (ACN), methanol (MeOH), and a mixture of
MeOH/water (4:1) were tested as possible washing solvents,
but no clean-up effect was observed because the recoveries
of 1-NS and indeed all the NSs present in the sample were
the same as SPE without a clean-up. This suggests that the
MIP shows cross-reactivity effect for the naphthalene sul-
fonates. When 1% and 5% of NaOH (1M) were each added
to ACN, MeOH and Milli-Q water, the recovery values de-
creased slightly for all compounds.

Identical experiments were performed using the NIP, and
it was found that the analytes were not washed straight off
the polymer during the clean-up step with any of the organic
wash solvents mentioned previously. Therefore, to demon-
strate that the MIP was imprinted, a wash with the most ef-
fective solvent was performed. For this purpose, pyridine was
added to the most polar solvent (MeOH) since pyridine will
c na-
l and
1 was
w
a cific
i IP so
t ntro-
d step
w ly for
t were
a on
t n the
a MIP
s

T
R NS im n-up ste
w t samp
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500 000

1 80
1 84 1
3 73 7
2 87 0
1 50 6
1 59
1 50
2 62 8

Table 2
Recoveries (%) of naphthalene sulfonic acid compounds using the 1-NS MIP
when different sample volumes of a standard solution were extracted and a
clean-up step with 20 ml of MeOH was applieda

Analyte Sample volume (ml)

100 500 1000

1,5-NDS-2-NH2 107 106 104
1,5-NDS 107 105 103
3,6-NDS-1-OH 85 86 87
2,7-NDS 109 102 100
1-NS-4-OH 104 98 105
1-NS-2-NH2 105 100 82
1-NS 107 90 85
2-NS 105 100 102

a R.S.D. were lower than 5% in all instances (n = 3).

The selectivity of the MIP was also evaluated in other
ways. For this purpose, a second group of polar pollutants
was also added to the sample. Thus 25 ml of acidified Milli-Q
water (pH 2.3) containing 2 mg l−1 of the mixture of NSs and
2 mg l−1 of a mixture of several polar compounds (oxamyl,
methomyl, Ph, 4-NP, 2,4-DNP, bentazone and MCPA) was
percolated through the cartridge. All the compounds, except
for oxamyl and methomyl, were retained on the MIP in the
loading step.

The MIP was washed with an organic solvent to remove
the non-selectively bound compounds. MeOH was chosen as
the washing solvent because, as explained earlier, the NSs
were retained on the MIP when this solvent was applied.
However, it was expected that if the mixture of polar com-
pounds were not selectively retained on the MIP, then MeOH
would be able to elute them. A 10 ml volume of MeOH was
sufficient to strip off the phenols from the polymer while
the NSs still remained strongly bound to the MIP (Fig. 2).
However, 20 ml of MeOH was chosen finally as the optimum
volume because the recoveries for the NSs were the same as
when 10 ml MeOH was used (Table 2) and a higher volume
of MeOH would be expected to be more effective in remov-
ing a matrix of polar compounds when real river water is
analysed.
ompete with the functional monomer (4-VP) for the a
yte. Different amounts of pyridine were used (1%, 5%
0%) and the best results obtained when the cartridge
ashed with 2 ml of MeOH/pyridine (99:1) (Table 1). The
ddition of pyridine to the MeOH disrupted the non-spe

nteractions established between the analytes and the N
hat the NSs were almost completely eluted upon the i
uction of the washing step. When the same washing
as applied to the MIP, the recoveries decreased slight

he retained NSs because the non-specific interactions
lso disrupted; however, all the NSs were still retained

he polymer because of the specific interactions betwee
nalytes and the polymer. This also confirms that the
hows cross-reactivity effect.

able 1
ecoveries (%) of naphthalene sulfonic acid compounds using the 1-
ith a clean-up step involving 2 ml of MeOH/pyridine (99:1) at differen

nalyte Sample volume (ml)

1-NS MIP

No clean-up Clean-up

5 500 1000 5

,5-NDS-2-NH2 107 106 104 100
,5-NDS 107 101 103 98
,6-NDS-1-OH 85 86 87 77
,7-NDS 119 112 110 98
-NS-4-OH 104 98 105 55
-NS-2-NH2 105 100 82 70
-NS 117 90 85 51
-NS 115 110 102 51

a R.S.D. were lower than 13% in all instances (n = 3).
printed polymer and the non-imprinted polymer, either without a cleap or
le volumes of a standard solutiona

NIP

No clean-up Clean-up

1000 5 500 1000 5 500 1

82 88 52 14 17 14 10
84 93 61 25 16 14 1
72 88 52 25 8 10
86 83 58 27 14 16 1
50 83 37 16 17 3 1

60 84 29 9 13 6 5
54 80 44 14 14 16 6
65 88 54 17 18 15
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Fig. 2. Chromatograms obtained by MISPE of 25 ml of a standard solution
(pH 2.3) spiked at 2 mg l−1 with each polar and naphthalene sulfonic acid
compound: (a) without washing step, and (b) with washing step using 10 ml
of methanol: (1) oxamyl, (2) methomyl, (3) Ph, (4) 1,5-NDS-2-NH2, (5)
1,5-NDS, (6) 3,6-NDS-1-OH, (7) 2,7-NDS, (8) 1-NS-4-OH, (9) 4-NP, (10)
1-NS-2-NH2, (11) 1-NS, (12) 2,4-DNP, (13) 2-NS, (14) bentazone, (15)
MCPA.

Other polar compounds such as 2-CP, 4-CP, 2-NP and 2,4-
DMP and an apolar aromatic compound such as naphthalene
were also tested. As expected, when a 25 ml sample (spiked
with 2 mg l−1 of polar compounds and naphthalene) was per-
colated, all the compounds were removed during the clean-up
step with 10 ml of MeOH because they could not establish
the required specific interactions with the MIP because they
each lack the necessary SO3

− group.
Thus it is clear that the SO3− group in the NSs plays an

important role in the molecular recognition step by establish-
ing ionic interactions with the 4-VP residues in the MIP. This
also accounts for the cross-reactivity effects and probably ex-
plains why after the washing step all the NSs are also retained
on the MIP.

The recovery of the compounds from different sample
volumes was studied also for both polymers (Table 1). The
recoveries for the MIP and the NIP were nearly the same
when a 5 ml sample was pre-concentrated and no clean-up
performed. However, these values were completely different
when a clean-up step was included and the polymers washed
with 2 ml MeOH/pyridine (99:1). When 25 ml of sample was
passed through the MIP, (data not shown) the recoveries for
the NSs in the MIP were still the same, while recoveries de-
creased in the NIP (the recovery of 1-NS was only 56%).
At higher sample volumes (500 and 1000 ml) the differences
b ence
o

3.2. MISPE of real water samples

The performance of the MIP in the extraction of NSs from
real river water samples was investigated. For this purpose,
Ebro river water was chosen. From this kind of water sample,
a broad band due to the presence of humic acids appears in the
middle of the chromatogram. However, the selectivity of the
MIP for the NSs allows us to selectively extract and quantify
them after a suitable clean-up procedure.

One thousand millilitres of an Ebro river water sample
was percolated through the MIP. However, the recoveries de-
creased significantly for all the retained analytes even without
the clean-up step due to the humic acids and other substances
present in the sample matrix affect the retention of the com-
pounds. Therefore 500 ml was chosen as the sample volume.
With this volume the recoveries were nearly the same as in
Milli-Q water for all the compounds except for 1-NS-2-NH2
where the recovery was 50%.

When the MIP was washed with 20 ml of MeOH (Fig. 3)
the band due to the humic acids was reduced and the recover-
ies of the NSs were nearly the same as those obtained without
the washing step, except for the 1-NS-2-NH2 (16%) (Table 3).
This step was also performed using 2 ml of MeOH/pyridine
(99:1) as the washing solvent. However, the recoveries were

Fig. 3. Chromatogram obtained by MISPE of 500 ml Ebro river water (pH
2.3). (a) Blank of Ebro river water, (b) Ebro river water spiked at 10�g l−1

with each NS compound, and (c) Ebro river water spiked at 10�g l−1 with
each NS compound and a washing step using 20 ml of MeOH. Peak desig-
nation: (1) 1,5-NDS-2-NH2, (2) 1,5-NDS, (3) 3,6-NDS-1-OH, (4) 2,7-NDS,
(5) 1-NS-4-OH, (6) 1-NS-2-NH2, (7) 1-NS, (8) 2-NS.
etween both polymers were yet higher, even in the abs
f a clean-up step.
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Table 3
Recoveries (%) from 500 ml of Ebro river water spiked at 50�g l−1 using
the 1-NS imprinted polymer with a 20 ml wash of MeOHa

Analyte 500 ml (50�g l−1)

1,5-NDS-2-NH2 72
1,5-NDS 94
3,6-NDS-1-OH 78
2,7-NDS 106
1-NS-4-OH 81
1-NS-2-NH2 16
1-NS 72
2-NS 93

a R.S.D. were lower than 11% in all instances (n = 3).

lower than those obtained using MeOH and the humic band
did not decrease significantly with respect to the blank. For
this reason, the experiments to test the useful linear range of
the application in river water analysis were carried out using
MeOH as the washing solvent.

These results were compared with those obtained by
Alonso et al.[27] using a highly cross-linked sorbent (Isolute
ENV+), in which an ion-pair reagent was neither added to the
sample in the loading step. The recoveries for the NSs with
more than one SO3− with the Isolute ENV+ are better than
those using other sorbents such as Lichrolut EN or graphi-
tized carbon black, but are lower than those using the 1-NS
MIP. Only 150 ml of groundwater sample was percolated and
the recoveries for some of the NSs were still low (1,5-NDS-2-
NH2 in 27%, 1,5-NDS in 42%, and 3,6-NDS-1-OH in 71%).

To test the performance of the method in river water sam-
ples, the linear range under the optimum conditions was de-
termined. Five hundred millilitres a sample, which did not
contain any NSs, was spiked with the eight NSs at concen-
trations between 100 and 5�g l−1 and their recovery exam-
ined. A washing step with 20 ml of MeOH was applied. Good
linearity was obtained, with a determination coefficient (r2)
higher than 0.9998 for all compounds. The repeatability for
500 ml of spiked (10�g l−1 of each component) river water,
expressed as R.S.D. (n = 3), was lower than 11%. Although
t −1 ly
d nt to
5 f a
fl

as
t ater
s

4

ng
1 re of
m the
M ich
s NSs
f esti-
c struc-

ture to NSs), when a clean-up step with MeOH was used.
200 mg of the MIP used as SPE material was sufficient to
extract 1000 ml of standard solution and 500 ml of river wa-
ter with high recoveries for all the NS studied even after a
clean-up step. This sorbent prepared in aqueous environment
has better retention for NSs than most commercially avail-
able sorbents. Finally, the method was validated with river
water and good linearity and repeatability demonstrated.
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12] E. Caro, N. Masqúe, R.M. Marće, F. Borrull, P.A.G. Cormack, D.C

Sherrington, J. Chromatogr. A 963 (2002) 169.
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