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A novel hybrid ion imprinted polymer (HIIP) is proposed aiming at the development of an online micro-solid
phase preconcentration system of Cd*>* coupled to TS-FF-AAS. To evaluate the selective and adsorptive perfor-
mance of HIIP towards Cd?*, hybrid non-imprinted polymer (HNIP), organic ion imprinted polymer (OIIP),
and the inorganic ion imprinted polymer (IIIP) were synthesized and compared with each other. Adsorption ca-
pacity of HIIP was 53% higher than HNIP, and dual-site Langmuir-Freundlich isotherm model showed the best fit
for data of both polymers. The preconcentration system coupled to TS-FF-AAS was performed by loading 10.0 mL

Keywords:

FIX-V'I‘{S-FF-AAS of Cd? ™ solution at pH 7.5 through 80.0 mg of HIIP packed into a micro-column with posterior online elution
Isotherm using 1.0 mol L™ ! HCl/ethanol 1:1 (v/v) mixture. The developed method was highly tolerant for other metal
Adsorption ions Zn? ", Pb? ", Cu®*, Co®*, Fe?*, and Hg?* at analyte:interferent (1:50, m/m) ratio and Ca®* and Mg?™* at

1:500 (m/m) ratio. Analytical curve ranging from 0.5 to 7.0 pug L™, limit of detection of 30 ng L' and
preconcentration factor of 14-fold were obtained. Intra-day and inter-day (3 days) experiment precision (n =
10) was, respectively, 3.9 and 0.6% (relative standard deviation, RSD), and 4.4 and 2.4% for concentrations of
0.7 and 6.5 pg L. Sensitivity of method (Abs L ug~!) was about 3.3, 2.2 and 1.9-fold higher when compared
to preconcentration method using HNIP, OIIP and IIIP, respectively, thus clearly showing that hybrid polymer
and imprinting process enhance Cd?> " adsorption. Addition and recovery experiments ranging from 94 to 106%
in mineral, lake water and tap water, urine and cigarette samples attested the feasibility of method for analysis
of matrices containing different components. Moreover, the accuracy of method was checked from analysis of
certified reference material (DOLT-4, fish liver), being the obtained value of 23.9 4 0.6 mg kg~ (n = 3) statis-
tically equal to the certified value of 24.3 + 0.8 mg kg™~ !, by applying Student t-test at 95% confidence level.

© 2016 Elsevier B.V. All rights reserved.

Preconcentration
Poly(vinylpyridine-TRIM)-SiO,/
mercaptopropyltrimethoxysilane

1. Introduction

Chelating polymers synthesized in the presence of ionic template,
i.e.,, ion imprinted polymers (IIP) were reported for the first time in
the mid-1970s by Nishide et al. [1,2]. In this study, chains of poly(4-vi-
nylpyridine) previously synthesized were crosslinked with 1,4-
dibromobutane in the presence of metal ions. Although a very high ad-
sorption capacity towards the metal ions has been achieved, the selec-
tivity was somewhat low because the poly(4-vinylpyridine) was not
synthesized in the presence of metal ions as templates. Currently, the
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ionic imprinting process is usually carried out by using an appropriated
functional monomer, which forms a complex with ion template and
then copolymerized in the presence of crosslinking monomer. Subse-
quent removal of ion template from polymeric matrix results in recog-
nition sites, which are complementary in size and shape [3,4]. Due to
its intrinsic selectivity and adsorptive performance, IIP has been widely
used for a large range of applications in analytical science including
membrane separations [5], development of electrochemical sensors
[6] and flow injection analysis-solid phase extraction (FIA-SPE) systems
coupled with spectrochemical analytical techniques including flame
atomic absorption spectrometry (FAAS), graphite furnace atomic ab-
sorption spectrometry (GF AAS), inductively coupled plasma optical
emission spectrometry (ICP OES), inductively coupled plasma mass
spectrometry (ICP-MS), and spectroscopy UV-Vis with substantial ad-
vantages over commercial non-selective adsorbents such as
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Amberlite-XAD, Chelex-100, and octadecyl-C;g-silica [7-11]. The use of
[P as adsorbents in SPE has allowed obtaining highly sensitive methods
for trace level analysis and in most cases promotes efficient cleanup of
sample for removing unwanted interferences. Furthermore, IIP presents
some additional advantages, including stability in harsher environ-
ments, such as acidic and alkaline medium, organic solvent, tempera-
ture and pressure, without decreasing its reusability [12]. Despite
recent advances describing the feasibility and reliable use of IIP for sep-
aration and preconcentration procedures, the success of analytical
method depends upon the type of adopted synthesis. One of the most
used approaches for synthesis of IIP is based on bulk polymerization;
however, as the main limitations of this method, it can be cited the ir-
regularity of particles in shape and size due to ground process of final
material, the poor solubility of ion template (salt) in the imprinting mix-
ture and homogeneity, low removal of ion template from binding sites
resulting in bleeding of the materials, selectivity only reasonable due
to heterogeneous nature of the binding sites and slow mass transfer
[13]. Therefore, efforts have been increasingly made to overcome
some of these drawbacks by means of new synthesis approaches of or-
ganic polymers, such as precipitation, suspension, emulsion and two-
step polymerization [14]. Besides these approaches, the use of grafting
process on the surface of inorganic materials [ 15,16], synthesis of organ-
ic ion imprinted polymer using auxiliary chelating [17], hierarchical
double-imprinted method using metal ion and cationic surfactant as
templates [18], organic ion imprinted polymers (OIIP) using dual func-
tional monomers [19] and hybrid ion imprinted polymers (HIIP) [20]
are other examples for obtaining IIP with improved performance in se-
lective SPE procedure of metal ions regarding the bulk method. Accord-
ing to studies reported by Cai and coworkers [19] and Hoai and
coworkers [21], a synergic effect and substantial improvement on the
selective adsorption of Pb? ™ and Cu?* were observed using an IIP pre-
pared through suspension polymerization and by using dual functional
monomers of methacrylic acid and vinylpyridine in comparison to the
use of single functional monomer. Regarding the hybrid ion imprinted
polymers, in which the organic and inorganic phases are covalently
bonded; one should note that although few studies have been reported
so far [20-23], these materials have some outstanding features that can
be pointed out, such as high physical and chemical stability, good sol-
vent resistance, low swelling effect and good morphological features
[24].

Therefore, inspired in the synergy of dual functional monomers as
well as in the features of organic-inorganic hybrid polymers, in the pres-
ent study, we have prepared for the first time an ion-selective bifunc-
tional hybrid imprinted poly(vinylpyridine-TRIM)-SiO,/
mercaptopropyltrimethoxysilane for its further application in the devel-
opment of an online micro-solid phase preconcentration of Cd?*
coupled to thermospray flame furnace atomic absorption spectrometry
(TS-FF-AAS). To the best of our knowledge, the synthesis of proposed
ion-selective bifunctional hybrid material as well as its combination
with flow injection analysis-solid phase extraction have not been previ-
ously reported in the literature. The monomer 4-vinylpyridine (4-VP)
and the functional organosilane 3-mercaptopropyltrimethoxylane
were chosen bearing in mind their capacity in forming coordination
complexes with Cd>* through binding sites of nitrogen from pyridine
ring [25] and thiol groups (S—H) from organosilane [26]. The interest
in coupling the micro-solid phase preconcentration system with TS-
FF-AAS comes from the necessity of monitoring Cd?> ™ ions at very low
levels in different samples that promote occupational exposure to
human health [27,28]. It should also be pointed out that coupling of
flow injection analysis-solid phase extraction with TS-FF-AAS is some-
what limited because the thermospray can only accept very low flow
rate, and as a consequence, low sample loading is usually employed,
thus leading to reduced improvements in the sensitivity. In this sense,
the use of adsorbent with high adsorptive performance, such as the bi-
functional hybrid ion imprinted polymer herein developed, is highly ef-
ficient to obtain high preconcentration factor even using low sample

loading. In order to check the real advantages of HIIP towards the ad-
sorption of Cd?*, hybrid non-imprinted polymer (HNIP), organic ion
imprinted polymer (OIIP), and the inorganic ion imprinted polymer
(IlIP) were synthesized and compared with each other through a flow
injection analysis system coupled to TS-FF-AAS. Upon physical and
chemical characterization of four adsorbents, kinetic studies, adsorption
isotherms and thermodynamics studies were performed. Finally, figures
of merit were obtained and the feasibility of proposed method was eval-
uated from analysis of real samples (water samples, urine, cigarette and
certified reference material).

2. Experimental
2.1. Equipment

The measurements were performed by using an AA-6601 flame
atomic absorption spectrophotometer (Shimadzu, Kyoto, Japan)
equipped with a cadmium hollow cathode lamp (Hamamatsu Photonics
K.K., Hamamatsu City, Japan) and deuterium lamp for background cor-
rection. The flame consisted of acetylene and air at 15.0 and
1.8 Lmin™', respectively. The cadmium hollow cathode lamp was oper-
ated at 8 mA and 228 nm. For construction of the flow injection analysis-
solid phase extraction system coupled to TS-FF-AAS, a peristaltic pump
(ICP-08 model, Ismatec, Switzerland ), a home-made injector commuta-
tor made of Teflon® (PTFE, polytetrafluoroethylene), a 0.5 mm i.d. ce-
ramic capillary (Al;,03 99.7%) (Friatec, Germany); a 10 cm long and
2.5 cm i.d. (Inconel 600 tube with 72% of Ni, 14-17% of Cr, 6-10% of
Fe, 0.15% of C, 1% of Mn and 0.5% of Si, Camacam, Brazil), containing 6
holes of 2.5 mm i.d., and Tygon® tubes were used. The pH of samples
was measured by an 826 pH mobile Metrohm (Herisau, Switzerland).
The centrifuge (Fanen®, model 206, Sdo Paulo-Brazil) was used for sep-
arating phases in the batch experiments. The main functional groups in
the materials were identified by Infrared (IR) transmission spectra (KBr
pellets), which were recorded on a FTIR-8300 spectrometer (Shimadzu)
in the range of 4000-400 cm ™ !. For the digestion of cigarette and certi-
fied reference material (DOLT-4, fish liver), a Milestone Ethos One mi-
crowave (Sdo Paulo, Brazil) equipped with 50.0 mL Teflon® vessels
was used. The thermal stability of polymeric materials was analyzed
on a Perkin EImer TGA 4000 thermogravimetric instrument ranging in
temperature from 30 to 800 °C (scanning rate of 10 °C min~!) at a
flow rate of 20.0 mL min ! of nitrogen. The measurements of X-ray dif-
fraction were performed in a PANalytical model X'Pert PRO MPD diffrac-
tometer (Almelo, Germany), X-ray diffraction spectra were acquired
from a Philips MDR X-ray diffractometer (Eindhoven, Holland) operated
with incident X-rays (\ = 1.54060 A) with the 26 angles varying be-
tween 5 and 80° with current of 35 mA and voltage of 40 kV. The mor-
phology of polymers was evaluated by using a MIRA field emission
scanning electron microscope (FEG-SEM) (Tescan, Mira Model, Czech
Republic).

2.2. Chemicals and reagents

All solutions used in this work were prepared in purified water using
a Milli-Q purification system (Millipore, Bedford, MA, USA) (resistivity
higher than 18.2 MQ cm). In order to avoid any metal contamination
in blank solutions, all laboratory glassware was kept overnight in a
10% (v/v) HNOj; solution. Stock solution of 1000 mg L~ ! Cd?* (NIST)
was used for the preparation of working solution of 1.0 mg L~ ! Cd?*
by making appropriate dilutions with purified water. Reagents used
for polymer syntheses were: 4-vinylpyridine (4-VP) (95%) as functional
monomer, 3-mercaptopropyltrimethoxysilane (3-MPTMS) (95%) as
functional organosilane, 3-(trimethoxysilyl)propyl methacrylate
(KH570) (>98%) as coupling reagent for organic and inorganic phases,
trimethylolpropane trimethacrylate (TRIM) as crosslinking reagent,
2,2" azo-bis-isobutyronitrile (AIBN) as radical initiator and
tetraethoxysilane (TEOS) (98%) as functional precursor and were
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acquired from Sigma-Aldrich (Steinheim, Germany) and used without
further purification. Cd(NOs),-4H,0 used as ion template was acquired
from Vetec (Rio de Janeiro, Brazil). The solutions of Ca>*, Mg?* Zn?™,
Pb? T, Cu®™, Co®>* and Fe?™ used in interference studies were obtained
from their respective nitrate salts, while the solution of Hg?*+ was pre-
pared from chloride salt.

2.3. Synthesis of hybrid ion imprinted polymer (HIIP), hybrid non-
imprinted polymer (HNIP), organic ion imprinted polymer (OIIP) and inor-
ganic ion imprinted polymer (IIIP)

To synthesize the HIIP, 2.40 mmol (0.7398 g) of Cd(NO3),-4H,0 was
dissolved in 40.0 mL of ethanol into a round-bottom flask, followed by
addition of 0.04 mol (430 mL) of 4-vinylpyridine and 0.02 mol

(4.00 mL) of 3-mercaptopropyltrimethoxysilane. Afterwards, 300 mg
of 2,22’ azo-bis-isobutyronitrile, 0.02 mol (4.75 mL) of 3-
(trimethoxysilyl)propyl methacrylate as coupling reagent and
0.015 mol (5.0 mL) of trimethylolpropane trimethacrylate were added
to the mixture. The mixture was then purged with nitrogen gas for
10 min and heated at 60 °C for 30 min in an oil bath. In the next step,
8.0 mL of tetraethoxysilane previously dissolved in ethanol and 3.8 mL
of 1.0 mol L™' NaOH were added to the flask. The mixture was again
heated at 60 °C for 24 h to allow the polymerization. The obtained hy-
brid polymer was dried at 60 °C, ground and sieved to obtain particles
with diameters ranging from 106 to 150 pum. The representative scheme
of HIIP preparation is shown in Fig. 1. In order to remove Cd?* ions from
polymeric matrix, successive washings with 2.0 mol L~ ! HCl were per-
formed until no more Cd®>* was detected by TS-FF-AAS. The blank

3-MPTMS TRIM
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2 A o T HsC O .
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N - HQC)\n/ %CHz
(@] 0]
TMSPM
TEOS
+
HyG HyC
\ (o) \
0 0.4 HyC-O, O CH,
s Fandh § S0
HC O~CH, HC CH, o}
. CH,
1) AIBN, N,
A
2) NaOH
0
CH, /
[ “/N O~(CH)y
GH3 cC=0 ©

Fig. 1. Representative scheme of the HIIP preparation.
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polymer, i.e., the hybrid non-imprinted polymer (HNIP) was synthe-
sized in similar way to HIIP, except by absence of Cd(NOs),-4H,0.

Synthesis of organic ion imprinted polymer (OIIP) was performed by
dissolving 2.40 mmol (0.7398 g) of Cd(NOs3),-4H,0 in 50.0 mL of etha-
nol followed by addition of 0.04 mol (4.30 mL) of 4-vinylpyridine. After-
wards, 300 mg of 2,2’ azo-bis-isobutyronitrile and 0.015 mol (5.00 mL)
of trimethylolpropane trimethacrylate were added to mixture, which
was then purged with nitrogen gas for 10 min and heated at 60 °C for
24 hin an oil bath. Finally, the polymer was dried, ground, sieved and
washed similarly to procedure adopted for HIIP.

For the synthesis of inorganic ion imprinted polymer (IIIP), the sol-
gel processing was used. An amount of 2.40 mmol (0.7398 g) of
Cd(NO3),-4H,0 dissolved in 40.0 mL of ethanol was mixed with
0.02 mol (4.00 mL) of 3-mercaptopropyltrimethoxysilane. Then,
0.02 mol (4.75 mL) of 3-(trimethoxysilyl)propyl methacrylate,
0.04 mol (8.00 mL) of tetraethoxysilane dissolved in ethanol and
3.8 mL of 1.0 mol L™ ! NaOH as catalyst were added to the mixture.
The polymerization occurred at 60 °C for 24 h in oil bath. In a similar
way to OIIP and HIIP, the IIP was also dried, ground, sieved and washed
with 2.0 mol L™ ! HCl for Cd** removal.

2.4. Adsorption kinetics

The effect of time on the adsorption of Cd?>* on HIIP and HNIP was
carried out in a batch experiment, which allowed to insight into the ad-
sorption mechanism and the rate-controlling steps. Briefly, 20.0 mL of
50 mg L~!' Cd** was prepared at pH 7.56 buffered with
0.048 mol L™ Tris-HCI buffer solution and stirred at 130 rpm with
100 mg of polymers at different time intervals (1, 3, 5, 10, 15, 20, 30,
40, 50 and 60 min). After the contact time elapsed, the mixture was cen-
trifuged for 10 min at 2000 rpm, and the supernatants were analyzed for
Cd?™ concentration using FAAS. All the experiments were performed in
triplicate. The content of Cd® " adsorbed onto polymers (mg g™~ !) at dif-
ferent intervals was determined according to Eq. (1).

(C—Cp)v
m

Qi(mg/g) = (1
where Q, is the amount of Cd?>* (mg g~ !) adsorbed on the polymers at
determined time (min); C; and Csare the initial and final concentrations
of Cd?>*, respectively (mg L™ '), determined by FAAS; V is the volume of
solution (mL); and m is the mass of the polymer (g). In order to inves-
tigate rate determining step, data from the effect of contact time were
fitted to common linear adsorption kinetic models, pseudo-first-order,
pseudo-second order, Elovich and intraparticle diffusion [29,30].

2.5. Adsorption isotherms

The effect of initial Cd®>™ concentration on its adsorption by poly-
mers was evaluated under equilibrium condition from batch adsorption
isotherms. From these studies, the adsorption capacities of polymers as
well as a better insight into the adsorption mechanism involving differ-
ent binding sites were obtained.

For the HIIP, 100.0 mg of polymer was stirred with 20.0 mL of Cd**
solutions at pH 7.56 buffered with 0.048 mol L™ Tris-HCl buffer solu-
tion for 30 min with increasing concentration varying from 2.0 to
28.0 mg L™ . Isotherm for HNIP was built by varying the Cd®> ™ concen-
tration from 2.5 to 16.0 mg L~ '. These concentrations are different than
the ones employed for HIIP due to lower capacity of the HNIP towards
Cd?™*. Then, the mixture was centrifuged for 10 min and the superna-
tant was analyzed by FAAS. The adsorption capacity (mg g~ !) was cal-
culated according to Eq. (2).

(Ci—Ce).V

Q.(mg/g) = m

where Q. is the amount of Cd?> ™ (mg g~ ') adsorbed on the polymers at
equilibrium time (min) and C; and C, are the respective initial and equil-
ibrated concentrations of Cd>* (mg L™1), V is the volume of solution
(mL); and m is the mass of polymer (g). In a similar way to kinetic
data, all the experiments were performed in triplicate. Experimental
isotherm data were fitted with non-linear Langmuir, non-linear
Freundlich, and single-site and dual-site Langmuir-Freundlich adsorp-
tion models [31,32].

2.6. Evaluation of template effects on HIIP in the presence of interfering
cations

In order to evaluate the imprinting effect of Cd>* on bifunctional hy-
brid imprinted polymer, competitive adsorption of binary solutions
Cd?*/Pb?*, Cd?*/Zn?* and Cd>*/Cu®* was carried out in batch exper-
iments using HIIP and HNIP. That is, 100 mg of polymers was dispersed
in 20.0 mL of binary solutions at 5.0 mg L~ concentration under
pH 7.56 buffered with 0.048 mol L™ Tris-HCl buffer, being continuous-
ly stirred for 30 min and then centrifuged for 10 min at 2000 rpm. Con-
centration of supernatant was further measured by FAAS. Distribution
(Kq), selectivity (kyyp, kynip) and relative selectivity (k') coefficients of
Cd?* with respect to Pb?*, Zn?* and Cu®>* were determined according
to Egs. (3)-(6), respectively [33].

C—C
( - 7) X%, 3)

Kq=

Where C; and Cy represent the initial and final solution concentra-
tions, V is the solution volume (mL), and M is the polymer mass (mg);

KyCd**
kynp = (4)
K, (Pb2+ , Zn2+or—Cu2+)
K Cd**
kenip = (5)
K4 (Pb2+ , an*or—Cu“)
o — Keae (6)
kHNIP

2.7. Thermodynamic parameters of Cd?* adsorption on HIIP and HNIP

Thermodynamic parameters (AH), entropy (AS) and Gibbs free en-
ergy (AG) were determined, so the nature of interaction of Cd>* on HIIP
and HNIP could be evaluated. The experiments were carried out under
stirring for 30 min at six different temperatures (303.15, 313.15,
323.15, 333.15, 343.15 and 353.15 K) and 20.0 mL of 5.0 mg L™ ' Cd**
solution with 100 mg of polymers under pH 7.56 buffered with
0.048 mol L™ ! Tris-HCl buffer. Concentration of supernatant was further
measured by FAAS. From the graph of InKd versus 1/T (van't Hoff plot),
described by Eq. (7), the parameters AH and AS were obtained from the
intercept and slope of the graph, respectively.

AH /1 AS

where, the distribution coefficient (Kd) (L g™ !) at six different temper-
atures corresponds to the ratio (Qe, mg g~ !)/(supernatant concentra-
tion, Ce, mg L™1!), R is the universal gas constant (R =
8.314 ] mol~! K~ !) and T is the temperature in Kelvin. The Gibbs free
energy was determined for the adsorption process of Cd*™ at
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303.15 K using Eq. (8) [34].

AG = AH—TAS (8)

2.8. Online preconcentration procedure of Cd®> ™ coupled to TS-FF-AAS

The online preconcentration system coupled to TS-FF-AAS operated
in a time-based mode [26] was carried out by percolating 10.0 mL of
sample (buffered with 0.048 mol L™ Tris-HCl buffer, pH 7.56) at a
flow rate of 5.0 mL min~! through 80.0 mg of HIIP packed into a poly-
ethylene micro-column (5 cm x 0.5 cm, containing cotton in each
edge to prevent loss of the material). After the preconcentration step,
elution was performed by switching the injector to the elution position
using 1.0 mol L™ ! HCl/ethanol 1:1 (v/v) mixture at 0.5 mL min~"' flow
rate, where the desorbed Cd?* jons were transported on-line towards
TS-FF-AAS. The use of ethanol in the eluent acid is recommended to im-
prove the spray formation. The analytical response was taken as absor-
bance (peak height).

2.9. Sample preparation

A known amount of cigarette and certified reference material
(DOLT-4, fish liver) was weighted and transferred to Teflon® flasks.
Then, 10.0 mL of concentrated HNO3 and 4.0 mL of 30% H,0, were
added and the mixture was kept at rest overnight. The mineralization
of samples was performed by using microwave radiation at 700 W
and adopting the following steps: heating up to 80 °C, maintenance
time of 5 min at 80 °C - heating ramp of 10 min up to 120 °C, mainte-
nance time of 5 min at 120 °C - heating ramp of 10 min up to 200 °C,
maintenance time of 20 min at 200 °C. After mineralization, solutions
were transferred to glass flask and heated on a hot plate until almost
dry. Then the residue was dissolved in 0.048 mol L™ ! Tris-HCl buffer so-
lution at pH 7.56. For urine, which voluntary healthy people kindly pro-
vided, 25.0 mL of sample was mineralized exactly equal to solid
samples.

Lake water sample was collected in polypropylene bottles from
Igap6 Lake located in Londrina city, Brazil, filtered under vacuum
using 0.45 um cellulose acetate membranes with pH adjusted to 7.56
with 0.048 mol L™ ! Tris-HCI buffer solution. Tap and mineral waters
were collected from State University of Londrina campus and local su-
permarkets, respectively, and their pH was also adjusted to 7.56. For
all samples, the analyses were carried out in triplicate.

3. Results and discussion
3.1. FT-IR

The functional groups present in the polymers (HIIP, HNIP, IIIP e
OIIP) were confirmed from FT-IR spectra (Fig. 2). As seen, for all poly-
mers a typical band at 3440 cm ™! was noticed, which is attributed to
O—H stretch from adsorbed water or by the presence of silanol groups.
The band at 2936 cm™ ! is assigned to C-axial deformation of C—H from
polymeric chain [35]. The band at 1640 cm™' was observed for the four
polymers, which is assigned to deformation (O—H—O) from adsorbed
water or by vinyl groups still present in the polymers containing the or-
ganic portion [36,37]. For the IIIP, the presence of thiol group (S—H)
was attributed to low intense band at 2557 cm™ !, while the band at
1412 cm™ ! is attributed to symmetric angular deformation of Si-CH,
present in both coupling agent 3-(trimethoxysilyl)propyl methacrylate
and 3-MPTMS [38].

For the organic polymer OIIP, two low intensity bands at 1259 and
1166 cm™ ! ascribed to C—O stretching from trimethylolpropane
trimethacrylate (TRIM) as crosslinking were observed. Clearly, the over-
lapping of these peaks in the hybrid polymers of inorganic polymer by

3440 2936
1730¥1603

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1 )

(@)

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

(b)

Fig. 2. Infrared spectrum for (a) HIIP and HNIP and (b) OIIP and IIIP.

broadband varying from 950 to 1280 cm™ ! can be observed, which is at-
tributed to asymmetric stretching of Si—0—Si and Si—0—H [22,35,
36]. As expected, the intense band at 1730 cm™ ! is most likely assigned
to C =0 stretching from trimethylolpropane trimethacrylate (TRIM).
The confirmation of organic monomer 4-vinylpyridine (4-VP) in the
polymeric matrix of OIIP was attested by the band at 1388 cm™ !, only
found in HIIP, HNIP and OIIP materials, ascribed to C—N stretching
from the pyridine ring [39].

In addition, this band was considerably much larger for OIIP due to
the higher presence of 4-vinylpyridine (4-VP). A band of middle inten-
sity at approximately 1460 cm™~! and another of low intensity at
1420 cm ™! have been observed for HIIP and HNIP, which are ascribed
to C =C stretching from ring of 4-vinylpyridine and two bands at
1556 and 1603 cm ™! attributed to C=N stretching from ring.

3.2. Thermal analysis and X-ray diffraction

Thermal stability of polymers was determined by means of TGA and
DTG (Fig. 3a,b). As can be observed from TGA, the ceramic yield
achieved for the hybrid polymers HIIP and HNIP was intermediary com-
pared to the OIIP and IIIP ones. The weight losses for the HIIP, HNIP, OIIP
and IIIP until 800 °C were found to be 27.2, 36.0, 72.9 and 11.3%, respec-
tively. In the temperature range varying from 30 to 130 °C, weight loss
ranging from 4.3 to 7.9% is attributed to physically adsorbed water.
From DTG, for the OIIP, a weight loss in the temperature range of 300
450 °C was observed, which is attributed to decomposition of polymeric
chain of 4-vinylpyridine and TRIM [40]. Regarding IIIP, the DTG shows
an event at 547 °C with low weight loss (~5%) ascribed to dehydration
of residual silanol groups, decomposition of 3-MPTMS at 227 °C,



62 CRT. Tarley et al. / Microchemical Journal 131 (2017) 57-69

Weight (%)

O T T T T T T T
100 200 300 400 500 600 700 800
Temperature (°C)
(a)
0
-3
2
)
£
°
-124
-154 422

100 200 300 400 500 600 700 800

Temperature (°C)

(b)

Fig. 3. Thermogravimetric (a) and derivative curves (b) for HIIP, HNIP, OIIP and IIIP.

decomposition of ester linkage from 3-(trimethoxysilyl) propyl methac-
rylate at 289 °C and degradation of Si—C bonds and redistribution of
Si—O0 at 407 °C [36,37,41]. When thermal analysis of HIIP was evaluat-
ed, two degradation regions in the range of 350-500 °C as compared
to OIIP and IIIP were observed. Thus, it seems that the well-defined deg-
radation of polymeric chain of 4-vinylpyridine and TRIM took place at
384 °C, while the degradation of inorganic matrix (Si—C bonds) and re-
distribution of Si—O took place at 451 °C. Moreover, the decomposition
of 3-MPTMS for the HIIP took place at higher temperature (242 °C) as
compared to IIIP (227 °C).

The thermal behavior of HNIP was somewhat similar to OIIP, except
by higher ceramic yield due to the presence of inorganic matrix. There-
fore, different from thermal behavior of HIIP, the non-imprinted poly-
mer shows only an event at 350-500 °C, which indicates that
inorganic and organic portions are densely connected making the
whole chain stiffer. One should still note that HNIP presents higher ther-
mal stability and ceramic yield than HIIP most likely due to more
strengthening of the chemical bonds in the backbone chain of organic
and inorganic portion as a result of absence of template ion [18,22].

The X-ray diffractograms of polymers are depicted in Fig. 4. The XRD
patterns of polymers exhibited a broad peak in the range of 15-30°,
which can be attributed to inorganic amorphous fraction of polymers
represented by siloxane domains as well as by semi-crystalline organic
fraction [22,42]. It is worth pointing out that apart from the amorphous
fraction of siloxane domains noticed in the hybrid and inorganic mate-
rials, the organic one presented a halo at 43° attributed to amorphous
phase of organic matrix. Such peak is not present in the IIIP material,
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Fig. 4. X-ray diffraction of HIIP, HNIP, OIIP and IIIP.

but it is present in the hybrid materials with intermediary intensity re-
garding the OIIP material, which in turn also confirms the formation of
hybrid material.

3.3. Morphological features of materials

Fig. 5 shows SEM images of materials. As one can see, the morpho-
logical profile of materials is different from each other mainly if the
OIIP and IIIP ones are considered (Fig. 5¢,d). For OIIP material, a rough
surface with more cohesive particles and high aggregation was ob-
served, in contrast to IIIP particles, which presented irregular shapes
and a flat surface, very similar to those materials based on silica matrix
[43]. The hybrid polymers (HIIP and HNIP) showed, as expected, an in-
termediary roughness regarding the OIIP and IIIP. However, one should
note from a more detailed interpretation that HIIP surface is somewhat
rougher than HNIP, playing an important role in the adsorption process.
Such result can be rationalized bearing in mind that the presence of
template ion during HIIP synthesis may lead to a higher solubility of
Cd?* and functional monomers (metallic complex) into the growing
polymeric chain and lower solubility in the porogenic solvent and, as a
consequence, making the removal of solvent from interstices easier,
thus giving rise to a rougher surface [14].

3.4. Adsorption kinetics

A set of adsorption experiments as mentioned in Section 2.4 was car-
ried out as function of time to evaluate the adsorption kinetics. It was
observed (data not shown) that equilibrium for the adsorption of
Cd?™ on HIIP and HNIP was achieved at 20 and 30 min, respectively.
The fast adsorption kinetics may be a strong indicative that the mate-
rials, especially the HIIP, are very suitable for the development of an
on-line preconcentration system from a large volume of solutions. The
adsorption kinetic constant and the regression coefficients for the
non-linear fit of pseudo-first-order, pseudo-second-order, Elovich and
intraparticle diffusion model are summarized in Table 1. As can be ob-
served, the adsorption kinetics of Cd?>™ on HIIP and HNIP follows the
pseudo-second-order model (R?> = 0.999). Moreover, the experimental
adsorption capacities, Qexperimental» for HIIP (0.530 mg g~ 1) and HNIP
(0.856 mg g~ ') were far closer to those values predicted by the
model, 0.552 mg g~ ! for HIIP and 0.900 mg g~ ! for HNIP. This model
recognizes that adsorption takes place in binding sites with different en-
ergies, as well as the rate of occupation of adsorption sites is proportion-
al to the square of the number of unoccupied sites [44]. The different
binding sites may be ascribed to sulfur atom from functional
organosilane 3-MPTMS, and nitrogen atom from 4-vinylpyridine, in
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Fig. 5. SEM images of (a) HIIP, (b) HNIP, (c) OIIP and (d) IIIP. Magnification of 8.000 times.
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Table 1
Kinetic parameters for the adsorption of Cd(1l) on HIIP and HNIP. Qey, = 0.5030 mg g~ ! for HIIP, 0.856 mg g~ for HNIP.
Pseudo-first-order Pseudo second-order
lOg(Qe_Qt) = lOng_%t é:@‘*’é
Hybrid polymers kq Q. R? ks Q. R?
HIIP 0.122 0.221 0914 1.262 0.552 0.999
HNIP 0.107 0.302 0.934 0.758 0.900 0.999
Elovich Intraparticle diffusion
Q = fIn(@p) + §Int Q = ky (2 + C
Hybrid polymers &) « R? Kia C R?
HIIP 14.925 5.233 0.992 0.120 0.146 0.993
0.047 0.322 0.947
HNIP 10.548 27.446 0.981 0.103 0.447 0.956
0.032 0.680 0.773

kq: It is constant for pseudo-first-order of adsorption process (min~'); Qe: It is the adsorption capacity in the equilibrium (mg g~ 1); k,: It is constant for pseudo-second-order of adsorp-

tion process (g mg~"' min~'); B: Itis associated with the surface coverage extension and the activation energy of chemisorption (g mg™~"); «: is the initial adsorption rate constant (min—

mg g~ 1); Kiq: is the coefficient of diffusion internal (mg g~ ! min™"/2); C;: is a constant related to the thickness of the boundary layer (mg g~ !).

1-
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which are capable to interact with Cd?™. It is worth noting that the
Elovich model also presented good fit to the experimental data, thus
confirming the pseudo-second-order model, whereas the adsorption
of Cd? ™ occurs, in fact, on the energetically heterogeneous surface of hy-
brid polymers [45]. The good fit of intraparticle diffusion model to the
experimental kinetic data allows us to predict the nature of transport
of Cd™ ions towards surface of materials. As shown in Table 1, two lin-
ear plots were defined, whose parameter C (constant related to the
thickness of the boundary layer) is far from zero, suggesting that ad-
sorption process is controlled by the quick external surface adsorption
limited by boundary layer in a shorter time (first linear plot) and
intraparticle diffusion into pores of material (second linear plot) [30].

3.5. Adsorption isotherms

Fig. 6 depicted the adsorption isotherms of Cd?* on HIIP and HNIP
under equilibrium condition. The maximum experimental adsorption
capacity (MEAC) for HIIP and HNIP was calculated to be 2.67 and
1.72 mg g~ ', respectively. The higher MEAC for HIIP can be used as a
primary parameter to evaluate the efficiency of imprinting effect creat-
ed in the polymer; however, one should note that the selectivity of HIIP
towards the adsorption of Cd?* in comparison with HNIP must be con-
firmed from competitive studies as will be further demonstrated in
Section 3.6. The fit of theoretical models to experimental adsorption iso-
therm, allows, in a similar way to the kinetic models, to understand the
nature of adsorption. Table 2 shows the adsorption constant, regression
coefficients and the maximum adsorption capacity (mg g~ ') for non-
linear Langmuir, non-linear Freundlich, single-site and dual-site Lang-
muir-Freundlich adsorption models. Taking into account the higher re-
gression coefficients, 0.997 and 0.999 for HNIP and HIIP, respectively, as
well as the similarity of MEAC to those theoretical values (b; + b;), 1.75
and 2.69 mg g~ !, the adsorption isotherm can be described by the dual-
site Langmuir-Freundlich adsorption model. Such model is very useful
to identify the presence of two-adsorption sites with different affinities
towards adsorbate, while the single-site Langmuir-Freundlich adsorp-
tion model allows to evaluate the presence of heterogeneous and homo-
geneous binding sites, but it fails in describing the existence of two-
adsorption sites with different affinities [32]. Therefore, for HIIP the ad-
sorption of Cd>* ascribed to b; = 0.505mg g~ 'and b, = 2.187 mgg ™!
takes place in binding sites with very different affinities assigned to K
and K, of 12.39 and 0.257 L g~ !, respectively. This finding shows that
for low initial concentration of Cd?* the adsorption occurs mostly in
higher-affinity sites (b; = 0.505 mg g~ ' and K; = 12.39 L g~ ') on
the HIIP, probably in the S—H or S atoms present in the imprinted cav-
ity. For higher concentration of Cd?>™, the adsorption takes place in
lower-affinity sites (b, = 2.187 mg g~ 'and K, = 0.257 L g~ 1), very
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Fig. 6. Adsorption isotherms of Cd?>* on HIIP and HNIP.

likely on the nitrogen atom from the 4-vinylpyridine, in which presents
lower affinity to Cd®* regarding sulfur atom [46].

The achieved results for HNIP, on the other hand, demonstrates that
adsorbed amounts of Cd?™ on two sites are very similar (0.915 and
0.839 mg g~ '), but for low initial concentration of Cd?>* the adsorption
occurs in lower-affinity sites (0.328 L g~ '), mostly in nitrogen atom. In
the light of these results, we can infer the absence of imprinted cavity
for HNIP with higher-affinity sites; even in the condition at which the
free sites are significantly greater than the Cd*™ in solution.

3.6. Selectivity of HIIP through competitive adsorption in the presence of in-
terfering cations

Table 3 shows the distribution coefficient (Ky), selectivity coefficient
(k) and the relative selectivity coefficient (k') with respect to Cd>* and
other metal ions using HIIP and HNIP. Pb>*, Zn? " and Cu?* were cho-
sen as competitive metallic ions because they are divalent ions likewise
to Cd? ™ and capable to interact with binding site of polymer ascribed by
the thiol group and nitrogen from the pyridine ring. It can be clearly ob-
served from comparison of selectivity coefficient (k) of HIIP and HNIP
for the binary system Cd®*/Pb?* Cd?*/Zn?™, Cd*>*/Cu®™ that the se-
lectivity of HIIP towards the adsorption of Cd?* in the presence of inter-
fering cations is much higher than the HNIP, thus reflecting in relative
selectivity coefficients (k") higher than one unit. From these results,
the imprinting effect created during polymer synthesis may improve
the selectivity of polymer by 2.17 to 3.6-fold to Cd®> ™ over Pb**, Zn?*
and Cu®* ions. One should note that the K4 value for Zn?™ is too
much high, which mostly likely is attributed to strong interaction with
nitrogen from pyridine ring. Anyway, the K4 values were too much
higher for the HNIP, which clearly reflects the imprinting effect created
in the HIIP.

3.7. Thermodynamic parameters of Cd®* adsorption on HIIP and HNIP

By plotting the van't Hoff equation under different temperatures
(303.15,313.15, 323.15, 333.15, 343.15 and 353.15 K), a linear relation-
ship was observed, with linear correlation coefficients of 0.995 and
0.991 for HIIP and HNIP, respectively. The obtained values for AH
(k] mol~1) and AS (k! ] mol~!) were found to be 6.1 and 28.9 for
HIIP and 15.8 and 65.4 for HNIP. The positive values of AH confirm the
endothermic nature of the adsorption process, while the positive AS
values indicate an increase in the system disorder at the solid/liquid in-
terface during the Cd®* adsorption. The Gibbs free energy (AG) was de-
termined at 303.15 K, yielding the negative values of —2.63 and —3.88
(kJ mol~") for HIIP and HNIP, respectively, demonstrating the energet-
ically favorable Cd?>* adsorption process. The increase of Cd?>* adsorp-
tion with increasing temperature can be attributed to the dehydration
process of Cd? ™ that takes place before the adsorption of Cd?*, which
usually requires energy [47,48]. This same phenomenon may be used
to explain the positive AS values, once the dehydration of water mole-
cules bonded to Cd?* implies in structural changes between adsorbate
and adsorbent, and as consequence, the increase in the disorder at solid/
liquid interface.

From the obtained AH values, we can infer the nature of adsorption
process. It is well-known that values of energy are associated with the
type of interaction between adsorbate and adsorbent. Electrostatic in-
teractions through chemical ion-exchange involve low adsorption ener-
gy (8-16 k] mol™!) and van der Walls interactions, i.e. interaction of
physical nature, such as induced ion-dipole and dipole-dipole, the ener-
gy is very low, usually below 8 k] mol~! [49,50]. The achieved results
are somewhat expected, because the interactions of Cd?* with HNIP
can be explained by means of ion-exchange, which is not characterized
as a selective process. On the other hand, for HIIP, van der Waals inter-
actions play an important role in the retention of Cd**, once at pH 7.56
cadmium exists in Cd(OH) ™ and Cd(H,0)2 " forms, and thus, it is ex-
pected that these species interact with binding sites of polymer through
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Table 2

Non-linear Langmuir, non-linear Freundlich, single-site and dual-site Langmuir-Freundlich constants for the adsorption of Cd(II) on HIIP and HNIP. Qey, = 2.67 mg g~ ' for HIIP,

1.72 mg g~ ! for HNIP.

Hybrid polymers

Models HIIP HNIP
Non-linear Langmuir

Qeq=KbCeq/(1+KCeq)

K 0.121 0.432
b 4.805 2171
R? 0.878 0.955
RMSE 1.778 0.142
Non-linear Freundlich

Qeq = Kceq 1/n

K 0.681 0.759
n 1.726 2.445
R? 0.845 0.912
RMSE 2.297 0.274
Single-site Langmuir-Freundlich

Qeq = b(KCeq)m/l + (Kceq)n

K 0.285 0.423
b 2.783 2.276
n 3.355 0.996
R? 0.951 0.955
RMSE 0.723 0.142
Dual-site Langmuir-Freundlich

Qo = BT+

K, 12.390 0.328
K> 0.257 1.650
by 0.505 0.915
b 2.187 0.839
n 1.601 6.383
ny 5.165 5.988
R? 0.999 0.9983
RMSE 0.016 0.120

In the Langmuir, Freundlich and Langmuir-Freundlich equations: K (Langmuir), K; , (Langmuir-Freundlich) (L g~ "), K (Freundlich) (mg g ') (Lg~") - adsorbate —adsorbent affinities, b,
b, - maximum adsorption capacities (mg g~ '), and n, n; , - intensities or degrees of favorability for adsorption. RMSE: It is the root-mean-square deviation.

weak intermolecular forces as recognized by the tailor-made process on
ionic imprinted polymer.

3.8. Optimization of on-line micro-solid phase preconcentration of Cd®*
coupled to TS-FF-AAS using factorial design, response surface methodology
and Doehlert matrix

The use of two-level factorial design as exploratory designs com-
bined with Doehlert matrix and response surface methodology has
been used as a very efficient tool for optimization, which results in
fewer experiments required [51]. The studied factors that play an im-
portant role in the preconcentration system, as well as their levels and
the analytical responses (absorbance as peak height) obtained from a
full 2* factorial design are summarized in Table 4. For the 2* factorial de-
sign, the concentration of Cd? ¥, preconcentration volume and flow rate
were set to 5.0 ug L', 10.0 mL and 5.0 mL min™ ', respectively. It is
worth emphasizing that because thermospray only accept very low
flow rate, the flow rate was set at 5.0 mL min~!, as a compromise

Table 3
Selectivity parameters for the competitive adsorption on the HIIP and HNIP.
Hybrid polymers Kq K k'
CdZ + PbZ +
HIIP 360.057 32.550 11.062
HNIP 643.336 211.668 3.039 3.64
CdZ + ZnZ +
HIIP 421.981 460.775 0.927
HNIP 547.741 1282.766 0.427 217
CdZ + CUZ +
HIIP 429.054 67.229 6.382
HNIP 724.654 360.763 2.009 3.18

Ky - distribution coefficient; K - selectivity coefficient; k' - relative selectivity coefficient.

between elution flow rate, sample throughput, detectability and sample
consumption.

The significance of factors on the preconcentration system was
graphically evaluated from the Pareto chart (Fig. 7) performed at a con-
fidence level of 95%. From this chart, it can be observed that all

Table 4
Factors, their levels and responses obtained in the 2* factorial design.
Levels
Factors Low (—) High (+)
pH 4.0° 8.0°
Buffer solution concentration 0.001 0.1
(BSC) (mol L™ 1)
Eluent concentration (EC) 03 1.0
(mol L™1)¢
Adsorbent mass (AM) (mg) 40 80
Experiments pH BSC ED AM Absorbance (peak
height)
1 -1 —1 -1 -1 0.091 0.093
2 1 -1 -1 -1 0.168 0.172
3 -1 1 -1 -1 0.089 0.085
4 1 1 —1 -1 0.180 0.177
5 -1 -1 1 -1 0.091 0.095
6 1 -1 1 -1 0.126 0.126
7 -1 1 1 -1 0.073 0.070
8 1 1 1 -1 0.233 0.227
9 -1 -1 -1 1 0.084 0.084
10 1 -1 -1 1 0.200 0.209
11 —1 1 -1 1 0.051 0.050
12 1 1 -1 1 0.143 0.139
13 -1 -1 1 1 0.085 0.086
14 1 —1 1 1 0.492 0.496
15 -1 1 1 1 0.111 0.103
16 1 1 1 1 0.400 0.410

2 Acetate/acetic acid buffer.
b Tris-HCl buffer.
¢ Eluent HCl in ethanol (1:1, v/v).
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Fig. 7. Pareto chart obtained from the 2* factorial design.

experimental factors were significant. The sample pH was the most sig-
nificant factor with standardized effect of 127.51, thus indicating the an-
alytical signal improved when pH was modified towards greater values
(4.0 to 8.0). At higher pH the binding sites of hybrid polymer i.e., the
thiol group and nitrogen from the pyridine ring are at their
deprotonated form, thus making easier the interaction with Cd(OH)™
and Cd(H,0)Z ™. For the eluent (HCl/ethanol 1:1, v/v) concentration, it
was observed that better results are obtained for high levels of HCl
(standardized effect of 59.95), which shows that for lower concentra-
tion, there are an incomplete elution of Cd?>* from micro-column.
Therefore, the elution concentration was set to 1.0 mol L~ ! HCl in etha-
nol as the best condition. The third most significant factor was the ad-
sorbent mass, which also showed a positive significant effect in the
response, clearly demonstrating a better response whenever adsorbent
mass gets closer to 80.0 mg. From this result, it can still be noticed that
the increase in adsorbent mass enhances the amount of Cd® * adsorbent
on the HIIP, but does not influence in the elution profile (transient sig-
nal). Therefore, this finding led us to select 80.0 mg as the best condi-
tion. Higher levels were not investigated to avoid leakages and
overpressure in the micro-column. Regarding buffer solution concentra-
tion, it was observed a negative influence in the response (standardized
effect of —8.521) when higher level was employed. Such result suggests
that high ionic concentration of buffer solution (0.1 mol L™ ') makes the

Table 5
Doehlert matrix used in the optimization of the sample pH and buffer solution
concentration.

Assays BSC (mol L™ 1) pH Absorbance (peak height)
1 0 (0.051) 0 (7.0) 0.468
1 0 (0.051) 0 (7.0) 0.475
1 0 (0.051) 0 (7.0) 0.472
2 1.0 (0.1) 0 (7.0) 0.303
3 0.5 (0.0755) 0.866 (9.0) 0.344
4 —-1.0 (0.002) 0 (7.0) 0.345
5 —0.5 (0.0265) —0.866 (5.0) 0.140
6 0.5 (0.0755) —0.866 (5.0) 0.124
7 —0.5 (0.0265) 0.866 (9.0) 0.351

The first number represents the Doehlert matrix coded values, whereas the values be-
tween parentheses stand for the real values.

diffusion of Cd>* towards the surface of adsorbent difficult or the ions
from solution may compete with Cd** for binding sites. According to
influence of pH and buffer solution concentration in the
preconcentration system, the optimum values of these factors were de-
termined from a Doehlert matrix carried out in triplicate at central point
(Table 5). The analytical response to be optimized was absorbance
(peak height) and the experiments were performed by loading
10.0 mL of Cd?* solution at concentration of 5.0 ug L™, flow rate of
5.0 mL min~!, adsorbent mass of 80.0 mg and HCI 1.0 mol L™ ! in etha-
nol (1:1, v/v).

The Doehlert matrix was modeled by a second-order model repre-
sented by following equation:

Abs = —0.0487pH? + 0.730pH—61.50BSC? + 5.58BSC
+0.0459pHXBSC (9)

The validity of second-order model was checked from analysis of
variance (ANOVA). The MSiack of fit/MSerro pure Iatio of 3.136 was lower
than the tabled critical value F; ; of 18.513, indicating the absence of
lack of fit of model. After validation process, the optimum values of pH
(7.56) and buffer solution concentration (0.048 mol L~ ') were deter-
mined from the surface response (Fig. 8) derived from second-order
model.

3.9. Influence of potentially interfering ions on the preconcentration system
of Cd®*

Bearing in mind that proposed preconcentration method has been
developed for its application in samples with different matrices, the in-
fluence of possible interferences from concomitant metal ions was eval-
uated in the determination of Cd?*. The interference was evaluated
individually when potentially interfering ions promote a change in the
cadmium signal alone at about 4 10%. In this sense, the determination
of 5.0 ug L™ Cd?™ was not affected by addition of Ca®>™ or Mg? * up
to 500.0 ug L~ !, while measurements of Cd?* in the presence of Zn?™,
Pb2™, Cu®™, Fe?™, Hg? ™ or Co?™ at 250.0 pg L~ ! did not present inter-
ferences. From the achieved results, it can be seen that cations have
no obvious influence on the preconcentration system of Cd*.
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Fig. 8. Response surface derived from Doehlert matrix and second-order model.

3.10. Analytical characteristics of preconcentration system of Cd®

The analytical characteristics were determined under optimized
conditions. Analytical curve of method was varied from 0.5 up to
7.0 ug L™, resulting in the following linear equation:

Abs = 0.00767 + 0.0842 [Cd“, ug L—l} (R2 - 0.998) (10)

The sensitivity (Abs L.ug ~!) of this linear equation was compared to
those values obtained from the linear relationship achieved by direct
Cd?* determination by TS-FF-AAS (Eq. (11)) and by direct aspiration
of Cd®* into the FAAS nebulizer (Eq. (12))

Abs = —0.00205 + 0.0061 {Cd”, Lg L”] (R2 - 0.998) (11
Abs = 0.0004 + 0.0003 {Cd“, ug L’l] (RZ = 0.999) (12)

The ratio between the slopes of the linear Eqs. (10) and (11) gave a
preconcentration factor of 14-fold, revealing the outstanding improve-
ment in the sensitivity by implementing the preconcentration step.
When the on-line coupling of preconcentration system with TS-FF-
AAS was compared to sensitivity of FAAS, a preconcentration factor of
280-fold was achieved, thus demonstrating the great usefulness of de-
veloped preconcentration method in terms of sensitivity. The limits of
detection (LOD = 30 ng L™ !) and quantification (LOQ = 100 ng L™ 1)
were based on 3Std/S and 10std/S, respectively, where Std is the stan-
dard deviation of 10 measurements of blank solution and S is the sensi-
tivity of linear equation [52]. The consumption index (CI) of proposed

method, defined as the sample volume (10.0 mL) employed in the
preconcentration step divided by the preconcentration factor (14),
was found to be 0.71 mL. The sample throughput of proposed method
was 15 h™!, considering the sample loading of 10.0 mL at a flow rate
of 5.0 mL min~ . The intra-day precision of method was found to be
3.9 and 0.6% (relative standard deviation) for 10 consecutive measure-
ments of standard solutions of Cd?* at 0.7 and 6.5 pg L™ !, respectively.
The inter-day precision (two different days) for the same concentra-
tions of Cd®* was found to be 4.4 and 2.4%.

In order to confirm the synergic effect of dual functional monomers
for creating imprinting cavities with the features of organic-inorganic
hybrid polymer, the sensitivity of proposed method has been compared
to those obtained by using the non-imprinted hybrid polymer (HNIP)
(Eq. (13)), organic (OIIP) (Eq. (14)) and inorganic (IlIP) (Eq. (15)).

Abs = 0.00668 + 0.0255 [Cd“, ug L—l} (R2 = 0.989) (13)
Abs = 0.00573 + 0.0398 [Cd2+7 ug Lﬂ (RZ = 0.992) (14)
Abs = 0.00172 + 0.0435 [Cd“, ug L—l} (R2 = 0.991) (15)

By comparing the slopes of these linear equations with that achieved
in Eq. (10), it can be clearly observed that HIIP provided the highest sen-
sitivity for Cd> determination among the four adsorbents used. More-
over, the stability of HIIP can be considered highly satisfactory because
all the optimization processes, the interference studies and application
of method in real samples were performed by using only one micro-col-
umn. Thus, the potential regeneration of the micro-column was esti-
mated to be 211 times, but more preconcentration-elution cycles may
still be carried out without decrease in the adsorptive performance of
material.

Some analytical characteristics of proposed method have been com-
pared to previous published preconcentration method for Cd®* deter-
mination by TS-FF-AAS (Table 6). The comparison suggests
advantages of proposed method using the novel hybrid ion imprinted
polymer, such as absence of toxic chelating agent in the flow
preconcentration method, lower limit of detection as well as the obvi-
ous advantages of on-line method, which is very fast when compared
to precipitation and cloud point extraction. The use of grape bagasse
as adsorbent provided similar analytical characteristics with respect to
our study and low sampling consumption. However, the biosorbent
presents worst selectivity and stability (80 cycles).

3.11. Application of preconcentration system of Cd®* in real samples and
accuracy

Aiming at demonstrating the feasibility of developed method, differ-
ent matrices were analyzed and subjected to recovery tests after spiking
procedure with known amount of Cd?* (Tables 7 and 8). As one can see,
the high recovery values (94.3-106.0%) indicate the high potential of
developed method for free-interference determination of Cd?>™ from
drinking (mineral, tap), environmental water sample (lake water), as
well as from urine and cigarettes samples. Besides the high recovery

Table 6

Comparative data regarding the analytical features of preconcentration methods for the Cd>* determination by TS-FF-AAS.
Preconcentration method or adsorbent Chelating agent/precipitant agent Preconcentration modality Volume (mL) PF LOD (ng L") References
Precipitation NH; On-line 4.0 34 40 [53]
Cloud point APDC Off-line 10.0 13 40 [54]
Fullerene APDC On-line 1.5 11 100 [55]
Grape Bagasse - On-line 4.0 34 30 [56]
Polyurethane foam DDTP On-line 2.0 5 120 [57]
New hybrid ion imprinted polymer (HIIP) - On-line 10.0 14 30 This study

V - volume of sample, PF - preconcentration factor, LD - limit of detection, APDC - ammonium pyrrolidinedithiocarbamate; DDTP - ammonium O,0-diethyl dithiophosphate.
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Table 7
Application of developed method in water samples, urine and evaluation of recovery tests.
cd2+ (g L—l)
Samples Amount added Amount found? Recovery (%)
Mineral water 1 0 <LOD -
1.0 1.06 + 0.02 106
3.0 3.03 £ 0.05 101
Mineral water 2 0 <LOD -
1.0 1.01 + 0.07 102
3.0 2.95 + 0.04 98
Tap water 0 <LOD -
1.0 1.06 + 0.03 102
3.0 3.06 + 0.02 101
Lake water 0 <LOD -
1.0 1.04 + 0.02 104
3.0 3.04 + 0.06 101
Urine 1 0 <LOD -
3.0 2.89 + 0.07 96
Urine 2 0 <LOD -
3.0 2.85 £ 0.10 95

<LOD - below of limit of detection.
¢ Results are expressed as mean value + standard deviation based on three replicates
(n=3).

values, which attest the accuracy of method for real samples; we have
also evaluated the accuracy from analysis of certified reference material
DOLT-4 (fish liver). The obtained value 0f 23.9 + 0.6 mg kg~ (n = 3)
was statistically equal to certified value of 24.3 4+ 0.8 mg kg™ ! (Student
t-test at confidence interval of 95%).

4. Conclusion

The highlight of the present study herein demonstrated for the first
time relies upon on the successful use of an ion-selective bifunctional
hybrid imprinted adsorbent with attractive properties towards the ad-
sorption and preconcentration of Cd?*. The bifunctional hybrid
imprinted polymer (HIIP), synthesized with 4-vinylpyridine (4-VP)
and 3-mercaptopropyltrimethoxysilane as functional groups containing
binding sites capable to interact with Cd>*, not only exhibited a better
selectivity and adsorption capacity than the non-imprinted hybrid poly-
mer (HNIP), but also a higher adsorption of Cd?>* when compared to the
organic (OIIP) and inorganic (IlIP) imprinted polymers. Overall, the
characterization by FT-IR, SEM, X-ray diffraction and TGA allowed us
to obtain insight into the formation of organic and inorganic phases
with more details. Kinetic, adsorption isotherm and thermodynamic
studies were successfully applied in the adsorption studies, which
allowed us to clearly identify the presence of binding sites with different
energies responsible for the adsorption of Cd**, and differentiate the
adsorption nature that takes place in the HIIP and HNIP. In regard to an-
alytical performance of on-line preconcentration method for Cd?™
coupled to TS-FF-AAS, this work proves that taking advantage of the im-
printing effect created in the bifunctional hybrid imprinted adsorbent, a
highly selective, sensitive and simple method for Cd?>* determination
can be obtained and applied with precision and accuracy in a wide
range of different samples. The advance in the preparation of ion
imprinted polymer by exploiting bifunctional hybrid materials here re-
ported may be extended to the development of new preconcentration

Table 8
Determination of Cd?* in cigarette sample using the developed method.

Cd** (ugg™")

Sample Amount added Amount found?® Recovery (%)
Cigarette 0 1.10 £+ 0.05 -

1.20 2.17 £ 0.06 94

2.40 3.33 +£ 0.08 95

? Results are expressed as mean value 4 standard deviation based on three replicates
(n=3).

systems by using imprinting technologies with highly enhanced
performance.
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