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Abstract A novel method for the separation/analysis of
linuron in fruit and vegetable samples is described. The work
is based on the utilization of ionic liquid ([Cgmin][PFg])-load-
ed 3-cyclodextrin cross-linked polymer (IL-3-CDCP) for the
effective adsorption of linuron coupled with ultraviolet spec-
trophotometry. The inclusion interaction of IL-3-CDCP with
linuron is studied with FTIR and inclusion constants. Under
optimum conditions, the preconcentration factor achieved for
this method is approximately 10. Linear range, limit of detec-
tion (LOD), limit of quantification (LOQ), and relative stan-
dard deviation are 0.08-15.00 pg/mL, 5.8 ng/mL, 17.5 ng/mL
and 0.96 % (n=3, c=4.0 ug/mL), respectively. This technique
is successfully applied for determination of linuron in real
samples.

Keywords Linuron - IL-3-CDCP - Solid-phase extraction -
Inclusion interactions - Ultraviolet spectrophotometry

Introduction

Linuron is one of the urea herbicides widely used in agricul-
ture (Xu et al. 2006); it can exist in the environment for a long
term, which would pollute soil and surface water, and further
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cause serious damage to groundwater and organisms.
Toxicology studies indicate that these herbicides on humans
have different degrees of toxicity, and even with carcinogenic
effects (Zhang et al. 2012). Therefore, the accurate, sensitive,
and at the same time quick and easy detection of linuron
residues in fruits and vegetables is a method of great
significance.

Various methods have been developed for the determina-
tion of linuron to date, including gas chromatography
(Goncalvesa and Alpendurada 2003), HPLC (Mazzella et al.
2009), thin layer chromatography (Knorst et al. 1997), capil-
lary electrophoresis (da Silva et al. 2003), etc. UV spectrom-
etry has many advantages including simple operation, lower
cost, and repeatable results, but it is often combined with
separation and preconcentration techniques to improve the
selectivity and sensitivity.

Solid-phase extraction (SPE) is of interest because of its
simplicity, higher preconcentration factor, and rapid phase
separation. Some novel functional materials such as activated
carbon (Hennion 1999), zeolite (Liu et al. 2012), clay (Mafra
and Blasco 2012), and cyclodextrin polymers (Yamasaki et al.
2006) have been used for SPE. Cyclodextrin polymers have
attracted particular attention due to their unique physico-
chemical characteristics, lower cost, availability, and presence
of various reactive groups on its backbone chain (Crini 2005).
The functionalization of cyclodextrin polymers can, in partic-
ular, alter their physical properties to make them suitable for a
wide range of applications (Szeitjli 1998). Common methods
for the functionalization of resin include load technology,
bonding technology, and sol—gel technology.Load technology
is proposed as an alternative green and economic process (Ren
et al. 2011). Recent research on the application of functional-
ized cyclodextrin for separation/analysis include biological-
based chitosan grafted (3-cyclodextrin, benzoic acid (Chai
and Ji 2012), (3-cyclodextrin-ionic liquid polyurethanes, and
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organic pollutants/heavy metals (Mahlambi et al. 2010). Ionic
liquid-loaded (-cyclodextrin cross-linked polymer as SPE
material seems to be lacking.

In this work, ionic liquid was synthesized and loaded onto
the 3-cyclodextrin cross-linked polymer (IL-3-CDCP). FTIR
and inclusion constants were used to study the inclusion inter-
actions of IL-3-CDCP and linuron. IL-3-CDCP solid-phase
extraction technique followed by UV was applied to
separation/analysis of linuron in real samples.

Experimental
Materials and Reagents

Centrifuge (Anke Scientific Instrument Factory, Shanghai),
timing multifunctional oscillator (Guohua Limited Company,
China), digital water bath (Guohua Limited Company, China),
and pH meter (Shanghai Jinjke Limited Company, China)
were purchased from their respective companies.

FTIR spectra were measured with a Bruker Tensor27 spec-
trometer (Bruker Company, Germany). Samples were pressed
in KBr pellets and recorded at frequencies from 4000 to
400 cm™' with a resolution of 4 cm™'. A SEM Hitachi
S-48001Ilinstrument was used to obtain micrographs of the
polymers. Absorbance monitoring was performed on a 2500
UV spectrophotometer (Shimadzu Corporation, Japan) with
1.0 nm spectrum bandwidth and slow speed scan.

[3-Cyclodextrin, NaOH, HCI, carbinol, ethanol, and epoxy
chloropropane were purchased from Shanghai Chemical
Reagent Corporation (China). Linuron standard stock solu-
tion, with the standard 10 mg, was dissolved in 50.0 mL of
ethanol and was stored in the dark at 4 °C. All chemicals and
reagents were at least of analytical reagent grade, unless oth-
erwise stated.

Synthesis of IL-3-CDCP

IL-3-CDCP was synthesized according to the literature (Ping
etal. 2014). FTIR and SEM were used to certify that the solid
particles were actually IL-3-CDCP.

The particle size of IL-3-CDCP was selected by using a
standard screen before the experiment; the mesh size of the
standard screen was 18, 24, 30, 45, and 80 mesh.

Real Sample Pretreatment
Water Sample

Lake water was collected from Slender West Lake in
Yanzhou, China. Then, 50.0 mL of lake water sample was

filtered through 0.45-pwm membrane filters and stored at 4 °C.
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Fruit and Vegetable Samples (Fan et al. 2007)

Apple and maize samples were supplied by our local market.
Twenty grams of apple (or maize) slurry and 20 mL of anhy-
drous ethanol were placed in a 50-mL centrifuge, and the
mixture was then shaken for 40 min. After centrifugation,
the upper fluids in the tube were filtered and collected in a
50-mL volumetric flask and kept at 4 °C in the dark.

Static Adsorption and Elution of Linuron

At room temperature, the concentration of linuron
4.0 ug mL™" and 0.1 g IL-B-CDCP was mixed at pH 7.0
and then fixed to 20.0 mL. The mixture was shaken on the
multifunctional oscillator for 30.0 min and then centrifuged
(2000 rpm, 10 min). Supernatant solution (solution after ad-
sorption) was determined with UV at 246.0 nm.

At room temperature, the inclusion complex of linuron and
IL-3-CDCP (IL-3-CDCP-linuron) was eluted with ethanol.
The mixture (4.0 mL) was shaken on a multifunctional oscil-
lator for 20.0 min and then centrifuged (2000 rpm, 10 min).
Linuron in effluent solution was detected by UV at 246.0 nm.

Results and Discussion
Analytical Application

Factors affecting the adsorption process such as pH and par-
ticle size of IL-3-CDCP will be discussed.

Optimization of Adsorption Step

Effect of pH As shown in Fig. 1, (1) the adsorption behavior
of linuron on IL-3-CDCP is similar to that on 3-CDCP, but it
cannot quantitatively absorb on 3-CDCP (curve b). This re-
sults indicated that the adsorption ability of IL-3-CDCP for
analyte is greatly improved due to the existence of ionic liquid
which improved the hydrophobicity of polymer, (2) the reten-
tion efficiency of linuron on IL-3-CDCP remains above 85 %
in the pH range of 3.0-9.0 and reaches a maximum at 7.0
(curve. a); the retention efficiency scarcely had any variation
with pH. Thereafter, all experiments were conducted at
pH 7.0.

Effect of IL-B-CDCP Size 1t was pointed out that the smaller
the particle size, the greater is the specific surface area and the
bigger is the adsorption capacity (Lv and Tang 2008). The
effect of IL-3-CDCP size (18-80 mesh) on the adsorption
efficiency was investigated (Fig. 2). With the decrease of the
IL-3-CDCP size (increase of mesh size), the adsorption effi-
ciency of linuron on IL-3-CDCP increases. It quantitatively
adsorbs linuron when the mesh size of IL-3-CDCP is larger
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Fig. 1 Effect of pH on retention efficiency of IL-3-CDCP (a) and (3-
CDCP (b) (cco=4.0 pg mL™"). The error bars represent standard
deviation (n=3)

than 45 mesh. In this study, the mesh size of IL-3-CDCP was
80 mesh.

Effect of the Sample Volume The ratio of sample volume to
elution volume would lead to an improvement in
preconcentration factor. The concentration of linuron was
fixed at 4.0 ug mL™', and the volume of the sample solution
increased from 5.0 to 40.0 mL (Fig. 3). The retention efficien-
cy was greater than 85.0 % in the sample volume of 5.0—
30.0 mL and reached a maximum from 5.0 to 20.0 mL. In this
work, the sample volume of 20.0 mL was adopted.

Effect of Retention Temperature and Time In this experiment,
the retention efficiency of linuron on IL-3-CDCP at different
temperatures (5.0-50.0 °C) was studied. The retention effi-
ciency decreases with the increased temperature and is above
90 % from 5.0C to 30.0 °C. Retention efficiency at different
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Fig. 2 Effect of particle size on retention efficiency (c.o=4.0 pg mL ™).
The error bars represent standard deviation (n=3)
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Fig. 3 Effect of sample volume on retention efficiency (c.o=
4.0 ug mL ™). The error bars represent standard deviation (n=3)

times (10.0-60.0 min) was also studied, and the adsorption
process was completed within 30.0 min, with the retention
efficiency kept constant until 60 min. So, room temperature
for 30.0 min was chosen for next experiment.

Optimization of Desorption

Selection of Eluants The IL-[3-CDCP could be reproduced by
eluants. Linuron could be adopted on IL-3-CDCP due to the
hydrophobic grouping of linuron entering into IL-3-CDCP in
an acidic solution, so some hydrophobic organic solvents and
NaOH were selected as eluants. Different eluants as ethanol,
carbinol, SDS (1 %), CTAB (1 %), and NaOH (0.1 mol/L)
were investigated (Fig. 4). The order of elution efficiency was
ethanol (95.0 %)>carbinol (89.0 %)>CTAB (58.7 %)>SDS
(42.3 %)>NaOH (10.0 %). It indicates that linuron cannot be
quantitatively eluted by NaOH, SDS, and CTAB but can be
completely eluted by ethanol since the hydrophobicity of eth-
anol was stronger than the other eluants, and it was an
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Fig. 4 Effect of different types of dissolvent on elution efficiency. The
error bars represent standard deviation (n=3)
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environment-friendly eluant. So, ethanol was chosen as the
eluant.

Then, elution efficiency of linuron with 2.0-10.0 mL of
ethanol was studied. The elution efficiency of linuron is above
85 % from 3.0 to 10.0 mL and reaches 95 % in 4.0 mL. The
preconcentration factor is 10 (the quotient of volume before
absorption and after elution) (Song et al. 2013). Therefore, the
optimum volume of ethanol solution chosen for this work is
4.0 mL.

Effect of Elution Time The elution efficiency of linuron on
IL-3-CDCP at different times (10.0—60.0 min) was stud-
ied. The elution process is completed within 20.0 min;
the retention efficiency did not change in 60.0 min,
with a stable elution efficiency of 95.0 %. The experi-
ment was conducted at 20.0 min.

Adsorption Capacity The adsorption capacity, defined as the
maximum amount of linuron sorbed per gram of the polymer,
is an important factor for the evaluation of the synthesized
IL-3-CDCP. As shown in Fig. 5, when the concentration of
linuron is 55.00 pg/mL, the retention reaches a maximum
value. The retention capacity of the polymer for linuron is
therefore calculated as 4.0 mg/g (for diuron, 3.6 mg/g).

Effect of Foreign Substances Determination of linuron
(4.0 ug/mL) in the presence of foreign substances was inves-
tigated. With a relative error of less than £5 %, data on the
tolerance limit for various foreign substances are presented in
Table 1. Most of the evaluated inorganic ions do not produce
serious changes in the measured absorbance of linuron. The
higher interference in systems is produced by diuron, which
produced an increase of the absorbance due to UV—visible
absorption wavelengths near that of the linuron. In fact, the
highest interferent concentration tested was around the corre-
sponding solubility value (Piccirillia GN et al. 2008). The

5.0

4.5

4.0 /i_{§

-1

Table 1  Tolerance of interference substances

Interferent Tolerance ratio
(WiWiinuron)

S04, Br 500

NO;~ 100

Cu* 15

Phenol 15

Benomyl, carbendazim 10

Acetamiprid, tebuconazole, triadimefon 8

Diuron

tolerance ratio of diuron was not usually exceeding 1 because
the solubility of linuron was larger than that of diuron (Fischer
etal. 2014; Lo etal. 2014). But in a real situation, diuron could
be present but not linuron (i.e., a farmer has used diuron), and
this could be a false positive result of diuron. In these cases,
detection after SPE separation might be replaced by HPLC
(Molins et al. 2000).

The Adsorption Mechanism of IL-3-CDCP and Linuron

The inclusion interactions of IL-3-CDCP and linuron are the
primary mechanism for the adsorption of linuron on IL-3-
CDCP (Yang et al. 2011). In this paper, it is evidenced by
FTIR and inclusion constants.

FTIR Analysis Figure 6 shows the FTIR spectra of IL-f3-
CDCP, IL-3-CDCP-linuron, and linuron. The intensity of
oc—c peaks 1625 cm' in imidazole ring of IL-B-CDCP—
linuron appears (curve b) and is weaker than that of in linuron
(curve c), which is not in IL-3-CDCP (curve a). It is probably
due to the fact that the ionic liquid bond interactions play a
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Fig. 5 Retention capacity. The error bars represent standard deviation
(n=3)
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Fig. 6 FTIR spectra of IL-3-CDCP (a), IL-3-CDCP-linuron (b), and
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crucial role in the inclusion of IL-B-CDCP-linuron. The
oo peak (3430 cm ') in IL-B-CDCP-linuron increases,
which demonstrated that the hydroxy part in linuron is
enclosed in the hydrophobic cavity of IL-3-CDCP-linuron
(curves b and c).

Inclusion Interactions of IL-3-CDCP/3-CD and Linuron The
inclusion constant K is a significant parameter which illus-
trates inclusion interactions of host—guest molecules. The in-
clusion complex can be easily formed at a higher K. The
inclusion constants of the monomers of two kinds of polymers
(f-CD and IL+3-CD) and linuron were measured. The form
of inclusion and the inclusion constant can be calculated by
UV-visible absorption spectroscopy and Hildebrrand—Benesi
equation (Bao et al. 2004; Zarzycki and Lamparczyk 1998).
The double reciprocal plots of the 3-CD-linuron inclusion
complex (curve a) and (IL-f3-CD)-linuron inclusion complex
(curve b) are shown in Fig. 7. It can be concluded that both (3-
CD and IL-3-CD form the inclusion complexes with linuron

Table 2  Determination results of samples (n=3)

Sample Added (ng/mL) Found (ng/mL) Recovery(%) RSD(%)
Lake water 0.00 ND -
0.50 0.46 92.0 1.2
1.00 1.02 102.0 0.9
2.00 2.04 102.0 1.0
Maize 0.00 ND -
0.50 0.48 96.0 1.3
1.00 1.04 104.0 0.9
2.00 1.95 97.5 1.1
Apple peels 0.00 ND -
0.50 0.48 96.0 1.1
1.00 0.95 95.0 1.3
2.00 1.94 97.0 1.2

1/CCD (L/mol)

at a ratio of 1:1. The two double reciprocal plots show good
linearity with correlation coefficients of 0.9921 for 3-CD and
0.9958 for IL-3-CD. The inclusion constant of 3-CD—linuron
inclusion complex and for (IL-3-CD)-linuron inclusion com-
plex K is 1.60x10° and 2.98x 10° L/mol, respectively, which
are acquired by the slope and intercept of the double reciprocal
plots. Inclusion constant reflects the inclusion ability of a host
molecule to a guest molecule. All of the above illustrate that
the inclusion ability of IL-3-CD towards linuron is stronger
than of 3-CD. That is one reason why IL-3-CDCP has a
higher adsorption efficiency than 3-CDCP.

Analytical Parameters

Under optimum conditions described above, IL-3-CDCP
shows a linear calibration curve within the concentration
range of 0.08 to 15.00 ng/mL. The least square equation is:

I = O.28Clinur0n(ﬂg mLil)

+ 0.048 (ug/mL) (R* = 0.9953)

The limit of detection, defined as Cp; =3S,/m, where S, is
the standard deviation of 11 replicate blank signals and m is
the slope of the linear section of the calibration curve after

Table 3  Comparison with other previously reported methods
Method Linear range Limit of detection Reference
(mgmL)  (ugLl™h)

SPE/HPLC - 50.0 Zhao et al. 2004

MSPD/RP-HPLC 0.025-10.00 10.0 Xiao et al. 2010

Microextraction  0.06-6.00 5.0 Lietal. 2013
flask/HPLC

IL-3-CDCP SPE/ 0.08-15.00 5.8 The proposed
uv method
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preconcentration, is found to be 5.8 ng/mL for a sample vol-
ume of 20.0 mL, and the limit of quantification is determined
as 3xLODs 17.5 ng/mL (Nardelli et al 2010). The relative
standard deviation for three separate batch experiments with
0.1 g of sorbent for determination of 4.0 ug mL™" linuron in
20.0 mL of water is 0.96 %. The preconcentration factor was
calculated to be 10. The recoveries for the spiked samples
ranged from 92.0 to 104.0 % (Table 2).

Sample Analysis

The proposed method was applied to determine linuron in
water, fruits, and vegetable samples. The results along with
the recovery of linuron in the spiked samples are given in
Table 2. The results indicated that the present method was
feasible for the analysis of linuron in complicated matrices.

Comparison with Other Methods

The figures of merit of the present method of extraction and
determination of linuron were compared with other reported
methods. Table 3 presents data on comparison of the RSD and
DL for the analysis of linuron in real samples with those re-
ported in literatures. It is obvious that the present work was
mainly focused on good precision and high sensitivity and
could be operated easily.

Conclusion

IL-3-CDCP used as solid-phase extraction material to pre-con-
centrate/separate linuron coupled with UV for the analysis of
linuron is established. The proposed method has some advan-
tages, such as increase of contact area between IL and water,
reduction of amount of ionic liquid, little loss of ionic liquid,
and easy, safe, and inexpensive methodology for the separation
and determination of linuron in fruit and vegetable samples.
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