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Palladium(II) ion-imprinted polymer (IIP) materials were synthesized by thermally polymerizing the ternary complexes of palladium
mino (AQ) or hydroxy (HQ) or mercapto (MQ) derivatives of quinoline and 4-vinyl-pyridine. The functional and crosslinking monome
uring polymerization were 2-hydroxyethyl methacrylate (HEMA) and ethylene glycol dimethacrylate (EGDMA). 2,2′-Azobisisobutyronitrile
AIBN) and 2-methoxy ethanol were used as the initiator and porogen, respectively. The resulting polymer materials were dried in
0◦C, ground and sieved to obtain IIP particles which were then subjected to leaching with 50% (v/v) HCl to obtain the leached pall

IP particles. Control polymer (CP) particles were also prepared by following the above procedure described for IIP particles. The CP
nleached and leached AQ-based IIP particles were then characterized by IR, XRD and microanalysis studies. Analytical stud
reconcentration of palladium(II) from dilute aqueous solutions and separation studies in the presence of selected noble and base m
o-exist with palladium(II) in its ore or mineral deposits were systematically studied using CP and IIP particles and are compared. AQ
articles gave higher percent extraction and selectivity coefficients compared to HQ- or MQ-based IIP particles. Five replicate dete
f 25�g of palladium(II) present in 500 ml of aqueous solution, when subjected to preconcentration and determination by iodide-R
G procedure gave a mean absorbance of 0.104 with a relative standard deviation of 2.25%. The detection limit corresponding to

he standard deviation of the blank was found to be 5.0�g of palladium(II) per litre. The rebinding studies using AQ-, HQ- and MQ-ba
IPs were carried out and were fitted to the different adsorption isotherm models, viz. Langmuir (L), Freundlich (F) and Langmuir–F
LF). These adsorption models were used for the evaluation of binding parameters and in elucidating the nature and type of bon
IPs. The results of rebinding experiments showed discrimination between the three IIPs based on the donor atoms of the ligands
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. Introduction

Molecular imprinting is a technique for preparing poly-
eric materials that are capable of high molecular recog-
ition. The resultant imprints possess a steric and chemi-
al memory for the template. Wulff[1] has introduced the
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ax: +91 471 491712/2490186.
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concept of covalent molecular imprinting and has develo
molecular-imprinted polymers (MIPs) over the years for
bohydrates, amino acids and their derivatives. Haupt
Mosbach[2] developed the non-covalent approach for:
the resolution of optical enantiomers and biomolecules;
(ii) the development of sensors and catalysts, etc.

Noble metals especially palladium is very resistan
acids, heat and corrosion and, therefore, used as a pre
metal in jewellary and in some forms of chemical app
tus. It is also an excellent conductor of electricity and
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oi:10.1016/j.talanta.2004.06.024



442 S. Daniel et al. / Talanta 65 (2005) 441–452

used for electrical contacts and in catalytic converters[3].
In addition to primary deposits, noble metals occur as very
dilute solid solutions in the ores and minerals, with perhaps
a few grains of noble metals occurring sparcely throughout
[4]. Hence, the recovery of individual noble metals requires
a preconcentrative separation from lean aqueous mineral so-
lutions. Vlasankova and Sommer[5] have reviewed various
solid phase extraction procedures developed for palladium
and other noble metals. Recently, Rao and Sobhi[6] have
critically reviewed various preconcentration procedures re-
ported for palladium and platinum since 1990. Ion-imprinted
polymers (IIPs) are similar to MIPs but they can recognize
metal ions after imprinting and retain all the virtues of MIPs.
A particularly promising application of IIP (similar to MIP)
is the solid phase extractive preconcentration and or sepa-
ration from other coexisting ions or complex matrix. Thus,
ion-imprinted polymers for solid phase extraction (IIP-SPE)
is a fast developing area for the application of IIP technology.
Again, Rao et al.[7] in their latest review described the prepa-
ration of tailored materials for preconcentration/separation
of metals by ion-imprinted polymers for solid phase
extraction.

The invention by John et al.[8] relates to the detection
and extraction of uranyl ions by polymer imprinting wherein
the complexible functionality has the formula CTCOOH,
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were carried out and different mathematical models, viz.
Langmuir (L), Freundlich (F) and Langmuir–Freundlich (LF)
were used: (i) for the evaluation of binding parameters; and
(ii) for elucidation of the nature and type of bonding ex-
ist in IIPs. Thus, this paper highlights the characterization,
analytical applications (preconcentration and selective sep-
aration) and rebinding studies of palladium(II) IIP particles
synthesized by thermal polymerization using derivatives of
quinoline as one of the ligand.

2. Experimental

2.1. Apparatus

A Shimadzu-UV-2401 PC controlled double beam spec-
trophotometer (Shimadzu, Japan) was used for preconcentra-
tion and separation studies. A Perkin-Elmer A Analyst 100
atomic absorption spectrometer (Perkin-Elmer, USA) was
used for measuring distribution ratios of copper, zinc and
nickel during selectivity studies. A LI-120 digital pH meter
(ELICO, India) was used for pH measurements. IR spectra
were recorded in the range 4000–400 cm−1 using MAGNA
FTIR-560 spectrometer (Nicolet, USA). The X-ray diffrac-
tion (XRD) patterns were obtained using Cu K� X-ray source
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where T is a hydrogen or any halogen (preferably chlori
methyl and halogen substituted forms thereof CCOOH
PhCOOH. Dai et al.[9] prepared mesoporous sorbent ma
rials with the ion imprinting technique for the separation
aqueous solutions using bifunctional ligands, such as am
sulphonic acids and phosphonic acids. Gladis and Rao[10]
have patented a process consisting of synthesis of SPE
terials by polymer imprinting suitable for uptake of uran
ions from aqueous and synthetic sea water solutions
also in presence of a host +2, +3 and +4 metal ions.
cently Kala et al.[11] have patented the synthesis of io
imprinted polymer particles for solid phase extractive p
concentration of erbium ion. To our knowledge, there
no patents on IIP-SPE of palladium. Sobhi et al.[12] have
prepared IIP materials with nanopores after isolation of pa
dium (II)–dimethyl glyoxime–4-vinyl pyridine ternary com
plex and copolymerizing with styrene and divinyl benze
(95%) in presence of 2,2′-azobisisobutyronitrile (AIBN) as
initiator.

The main aim of the present work is to compare the perc
enrichment of palladium(II) and separation of palladium(
from selected inorganics using different quinoline deri
tives, viz. 8-aminoquinoline (AQ), 8-hydroxyquinoline (HQ
and 8-mercaptoquinoline (MQ) as one of the ligands dur
the synthesis of IIPs employing ternary mixed ligand comp
with palladium(II) in presence of 4-vinyl pyridine. The poly
merization was carried out by solubilizing ternary comple
in 2-methoxy ethanol (porogen) and using hydroxyet
methacrylate (HEMA) and ethylene glycol dimethacryla
(EGDMA) as functional and crosslinking monomers in t
presence of AIBN as initiator. Also, the rebinding stud
nd Philips PW1710 diffractometer (Holland). The CHN
nalysis was carried out using Perkin-Elmer elemental a

yzer (Perkin-Elmer, USA).

.2. Reagents

A stock solution of 1 mg ml−1 of palladium(II) was pre-
ared by dissolving 0.1666 g of palladium chloride (99.9%
oba Chemie, India) in 10 ml of 50% (v/v) HCl and
iluted to 100 ml with deionized water. Rhodamine 6
0.005%, w/v, Aldrich, USA) was prepared by dissolvin
.0125 g of reagent in 250 ml of deionized water. A ci
ate buffer (pH 4) was prepared by adjusting to 4.0±
.0 after dissolving 8.4 g of citric acid (E-Merck, India
nd 11.8 g of trisodium citrate (E-Merck, India) in 100 m
f deionized water. Potassium iodide (5%, w/v, E-Merc

ndia) was prepared by dissolving 5 g of KI in 100 m
f deionized water. 8-Aminoquinoline, 8-hydroxyquinoline
-mercaptoquinoline, 4-vinylpyridine (VP), 2-hydroxyethy
ethacrylate, ethylene glycol dimethacrylate (EGDMA) an
,2′-azobisisobutyronitrile were obtained from Aldrich (Mil
auke, USA). All other chemicals used were of analytic

eagent grade.

.3. Preconcentration procedure

A portion of solution containing 2.5–100 (g of palladium
as taken in 1-l beaker and diluted to 500 ml and the acidity

his solution was maintained at∼0.5 N after addition of 20 ml
f concentrated HCl. Palladium(II) IIP particles (0.05 g) pr
ared using AQ–VP ternary complex were added to abo
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Fig. 1. Scheme for the preparation of palladium IIP materials.

solution and stirred for 30 min. The palladium(II) ions pre-
concentrated onto above IIP particles were eluted for 30 min
with 2× 10 ml of 50% (v/v) HCl. Suitable aliquots of the elu-
ent were taken, pH was adjusted to 4.0± 1.0 after addition
of 0.4 mol l−1 citrate buffer and palladium(II) content was
established by employing iodide–rhodamine 6G procedure
[13] reported elsewhere.

2.4. Constants

The constants, such as distribution ratio (D), percent ex-
traction (%E) and selectivity coefficient (SPd2+/M2+ ) were
defined elsewhere[14].

2.5. Ion-imprinted polymer (IIP) preparation

The synthesis of IIP materials was carried out in two steps
as per the (Fig. 1) described elsewhere[15]. These include:

(1) preparation and isolation of ternary complexes of palla-
dium with AQ–VP, HQ–VP and MQ–VP as ligands;

(2) copolymerization of the above ternary complexes with
HEMA and EGDMA as functional and crosslinking
monomers and 2-methoxy ethanol as porogen.

The solids thus formed after polymerization were dried in
an oven at 80◦C for 2 h and sieved. The particles with sizes
between 45–212�m were collected.

2.6. Pretreatment of IIPs to leach imprint ion

The imprint ion, i.e. palladium(II) was leached from the
above polymer materials by stirring with 100 ml of 50% (v/v)
HCl for 18 h. The resultant polymer particles after filtration
were dried in an oven at 80◦C to obtain IIP particles for
possible preconcentrative separation of palladium(II) from
dilute aqueous solutions.
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2.7. Synthesis of respective control polymer particles
(CPs)

CPs were prepared in a similar fashion as that of IIPs ex-
cept that imprint ion, i.e. palladium was not added to the AQ-
or HQ- or MQ-based recipes. The resulting CP materials were
subjected to same pretreatment as in the case of IIPs to com-
pare their performance: (i) for enrichment of palladium(II)
from dilute aqueous solutions; and (ii) for separation of pal-
ladium(II) from selected inorganics.

2.8. Rebinding experiments

About 200 mg of the leached IIP particles was equilibri-
ated with 94–3762�moles l-1 of palladium(II) as described
in preconcentration procedure. The free concentration of pal-
laddium(II) (F) was calculated using the equation

F = AfT

At
(1)

whereT is the total concentration of palladium(II) ions.Af
andAt are the blank corrected absorbance values of palla-
dium(II) ion before and after the addition of palladium(II)
IIP particles. The amount of analyte bound to the polymer
(B) particles was calculated using the equation
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Table 1
Percent enrichment of 25�g of palladium(II) present in 500 ml of solution
onto 0.05 g of polymer particles (H+ ∼0.5 N) and retention capacities

Polymer Percent enrichment Retention capacity
(�g g−1 of polymer)

CP IIP CP IIP

AQ 47.5 >99.0 26.10 28.82
HQ 49.0 66.2 26.91 27.51
MQ 40.4 68.1 25.14 27.70

3.1. Characterization studies

Since the percent extraction and selectivity coefficients
of AQ-based IIPs were superior over other two (seeSection
3.2.4), characterization studies were limited to AQ-based IIP
only.

3.1.1. IR spectra
The IR spectra of control, unleached and leached IIPs were

found to be almost similar which indicates that all the polymer
particles have similar backbone.

The N H stretching vibration at 3467 cm−1 in the leached
IIP was shifted to 3441 cm−1 in the unleached material, indi-
cating that the nitrogen of the –NH2 group is involved in the
metal bonding.

Also the C N stretching vibration of the aromatic ring at
1268 cm−1 in the leached IIP was shifted to 1258 cm−1 in the
unleached one due to the involvement of –N of the quinoline
ring in the metal bonding. The vibration band of PdN usually
occurs at 340 cm−1. We didnot notice this band in IR spectra
as we have scanning facility in the range 4000–400 cm−1

only.
The similarity in the standard IR spectra of 8-amino quino-

line and that of leached IIP shows that the ligand is tightly
intact in the polymer matrix even after leaching.
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B = T − F (2)

3. Results and discussion

8-Aminoquinoline is a selective spectrophotomet
reagent for palladium wherein it forms yellow insoluble com
plex in weakly acidic solutions[16]. A number of transition
and p-block elements were found not to interfere in the ab
determination. However, other noble metals particularly p
inum and gold interfere when they exceed certain concen
tions. We have shown recently palladium(II) IIP particles p
pared, wherein Pd–dimethylglyoxime–VP complex is po
merized in the presence of styrene and divinyl benzene u
AIBN as initiator, enabled better separation factors compa
to platinum, copper, zinc and nickel[12]. In our quest to im-
prove the separation factors of palladium with respect to o
noble and transition elements, it is felt worthwhile to inve
tigate various selective chelates of palladium, viz. 8-am
or 8-hydroxy or 8-mercaptoquinoline instead of DMG of t
ternary complex during subsequent imprinting with a mo
efficient functional monomer such as HEMA and crosslin
ing monomer, viz. EGDMA.Table 1gives the comparative
account of percent enrichment and retention capacitie
palladium(II) using CPs and IIPs prepared based on AQ,
and MQ ligands. As seen from the above table, AQ-based
particles alone gave quantitative enrichment of palladium
from dilute aqueous solutions. We now describe the cha
terization and analytical applications of AQ-based polym
synthesized as described elsewhere[15].
3.1.2. X-ray diffraction (XRD)
The XRD patterns of ternary complex, CP, unleach

and leached amino quinoline-based IIP particles are given
Fig. 2. The peaks obtained at 2θvalues 12.37, 18.92, 21.22
28.20 and 32.85 in the Pd–AQ–VP ternary complex and u
leached IIP were absent in the leached IIP indicating that
the palladium ions were completely removed during leachi
and the XRD patterns of leached IIP were found to be exac
similar to that of the control polymer.

3.1.3. Microanalysis
The results obtained from the microanalysis studies of

unleached, leached and CP particles are given below.

Unleached, calculated (%): C→60.08; H→6.98; an
N→1.05. Found (%): C→59.25; H→7.00; and N→1.59
Leached, calculated (%): C→60.89; H→7.07; an
N→1.06. Found (%): C→59.32; H→7.02; and N→1.23
CP, calculated (%): C→60.89; H→7.07; N→1.06. Foun
(%): C→59.30; H→7.03; N→1.20.
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Fig. 2. XRD patterns of unleached (curve A); leached (curve B) palla-
dium(II) IIP particles; CP (curve C); and Pd–AQ–VP ternary complex
(curve D).

The microanalysis studies reveals that during the leaching
of IIP particles, only the palladium(II) ions were removed
and not the ligands.

3.2. Analytical studies

3.2.1. Preconcentration studies
Preconcentration studies were carried out by varying the

palladium loading of unleached IIP (AQ-based) using 2-
methoxy ethanol as porogen. The resulting polymer materials
were leached with 50 ml of 50% (v/v) HCl for 18 h, filtered
and dried to obtain leached IIP particles. The enrichment
studies were carried out by following the procedure described

Fig. 3. Effect of palladium loading in unleached IIP particles (mg of Pd2+
per g of polymer) on percent extraction of Pd2+ with leached IIP particles.

in Section 2.3. The results obtained were shown inFig. 3from
which it is clear that by increasing palladium(II) loading to
8.82 mg of Pd2+g−1 of unleached IIP, the quantitative recov-
ery of palladium ion using leached IIP particles from aqueous
solution is possible. This observation is attributed to the avail-
ability of more and more number of binding sites per gram
of the leached IIP particles.

3.2.2. Optimization of sorption and elution of palladium
ions using AQ-based IIP particles

A set of solutions (volume = 500 ml) containing 25�g
of palladium(II) ions were taken and acidity was varied
between 10−4–1.0N in HCl and the recommended proce-
dure was followed. The enrichment of palladium is con-
stant and maximum in the acidity range of 10−4–0.5N of
HCl (seeTable 2) which is expected in view of the max-
imum stability of Pd–AQ–VP complex[16]. In all subse-
quent work, the acidity was maintained at∼0.5N by adding
20 ml of concentrated HCl. The percent enrichment of palla-
dium(II) ion by using CP particles is also shown inTable 2
for comparison, which indicates the imprinting effect in all
instances.

The influence of weight of polymer particles (IIP or CP)
on the percent enrichment of 25�g of palladium(II) present
in 500 ml of solution was systematically investigated. The
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results obtained are compiled inTable 2, from which it is
seen that: (i) for quantitative preconcentration, a minim
of 0.025 g of palladium(II) IIP particles are required; a
(ii) imprinting effect is noticed in all instances once aga
Hence, 0.05 g of palladium(II) IIP (AQ) was used for su
sequent preconcentration studies. As seen fromTable 2, a
minimum of 25 min of stirring is necessary to quantitativ
preconcentrate 25�g of palladium(II) present in 500 ml o
solution using 0.05 g of palladium(II) IIP particles. Furth
it was established that stirring for 30 min with 2× 10 ml of
50% (v/v) HCl is necessary (seeTable 2) for quantitative elu
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Table 2
Influence of various parameters on the percent enrichment/extraction of pal-
ladium(II) onto AQ-based CP and IIP particles

Percent extraction

CP IIP

HCl (N)
1.0 12.35 82.92
0.5 36.4 >99
0.1 47.5 >99
0.01 47.5 >99
0.001 47.5 >99
0.0001 42.2 54.2

Weight of IIP (g)
0.01 40.6 60.8
0.025 42.8 >99
0.05 45.8 >99
0.15 47.2 >99
0.25 47.5 >99

Preconcentration time (min)
10 30.5 50.7
20 40.0 62.5
25 45.5 98.0
30 45.5 >99

Elution time (min)
10 40.0 64.25
20 43.0 95.3
30 45.5 >99

Eluent volume (ml)
2 × 10 45.5 >99
2 × 15 45.8 >99
2 × 20 45.6 >99

Aqueous phase volume (ml)
25 45.2 >99
50 45.8 >99

100 45.5 >99
500 45.0 >99

1000 40.0 63.5

0.05 g of CP/IIP H+ ∼0.5 N; preconcentration time = 30 min; elution time
= 30 min; eluent volume = 2× 10 ml; and aqueous phase volume = 500 ml.

tion of palladium(II) sorbed on palladium(II) IIP particles.
The change of aqueous phase volume from 25 to 1000 m
indicates that the preconcentration efficiency was unaffected
upto 500 ml (seeTable 2).

The retention/binding capacities of CP and IIP particles
were determined by saturating 0.02 g of polymer material
with 1 mg of palladium(II) under optimal conditions as de-
scribed above. The amounts of palladium(II) sorbed on poly-
mer particles was determined spectrophotometrically after
eluting with 2× 10 ml of 50% (v/v) HCl. The results ob-
tained (as shown inTable 1) indicate that the retention ca-
pacities are: (i) slightly higher for IIP particles compared
to CP particles; and (ii) are in the same order for AQ- or
HQ- or MQ-based IIPs. This result indicate that the enrich-
ment by HQ- and MQ-based IIPs are kinetically slower com-
pared to AQ-based IIPs, as the percent extraction of pal-
ladium is lower in case of HQ- and MQ-based IIPs (see
Table 1).

3.2.3. Statistical and calibration parameters
Under the optimum conditions described above, the cal-

ibration curve was linear over the concentration range of
2.5–100�g of palladium(II) present in 500 ml of solution.
Five replicate determinations of 25�g of palladium(II) in
500 ml of solution gave a mean absorbance of 0.104 with
a relative standard deviation of 2.25%. The detection limit
corresponding to three times the standard deviation of the
blank was found to be 5.0�g l−1. The linear equation with
regression is as follows

A = (0.01953× C) − 0.0123

Correlation coefficient= 0.99999 (3)

whereA is the absorbance andC is the amount of palladium in
micrograms per one litre of sample solution. All the statistical
calculations are based on the average of triplicate readings for
each standard solution in the given range.

3.2.4. Selectivity studies
The percent extraction and distribution ratios of palla-

dium, platinum, gold, copper, zinc and nickel ratios and selec-
tivity coefficients of palladium(II) with respect to the above
mentioned elements were determined by using AQ- or HQ-
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or MQ-based CP and IIP particles and the results obta
are compiled inTable 3.

The following observations can be made fromTable 3

(i) CP particles show minimal selectivity for palladium ov
gold and platinum;

(ii) on imprinting, the selectivity coefficients increases w
AQ-, HQ- and MQ-based polymers;

(iii) the increase in selectivity is in the order: AQ > HQ
MQ;

(iv) even though the selectivity coefficients of palladiu
over platinum are 4.40 and 3.03 in case CP particle
AQ–VP and DMG–VP complexes, AQ-based IIP p
ticles givesβPd2+/Pt4+ of 5500 compared to 521 wit
DMG-based IIP particles[12];

(v) the CP particles AQ, HQ or MQ based IIPs show
good selectivity for palladium(II) compared to base m
als such as copper(II), zinc(II) and nickel(II), whic
usually coexist with palladium in its mineral de
posits;

(vi) on imprinting, the selectivity coefficients of palladiu
over base metals improve further by about 100–4
fold.

Table 4shows the percent extraction, distribution rat
and selectivity coefficients of palladium(II) with respect
the above base metals, when present in admixtures, in ca
AQ-, HQ- or MQ-based IIP particles. It is clear fromTable 4
that the selectivity coefficients of palladium(II) over ba
metals are same, when they are present individually o
admixtures.
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Table 3
Percent extraction, distribution ratio and selectivity coefficients (βPd2+/Mn+) of leached CP and IIP particles

Element Percent extraction Distribution ratio Selectivity coefficient (SPd2+/Mn+)

CP IIP CP IIP CP IIP

Pd
AQ 45.5 >99 0.904 99 – –
HQ 49.02 66.19 0.960 1.956 – –
MQ 40.38 68.06 0.677 2.130 – –

Pt
AQ 17.04 1.79 0.205 0.018 4.40 5500
HQ 24.10 31.66 0.317 0.460 3.02 14.25
MQ 32 20.9 0.470 0.260 1.44 8.19

Au
AQ 77.5 12.8 3.450 0.146 0.26 674.2
HQ 73.07 5.33 2.710 0.0563 0.35 34.70
MQ 58.2 31.15 1.394 0.452 0.485 4.710

Cu
AQ 0.02 0.01 12.0× 10−4 1.0× 10−4 0.45× 104 1 × 106

HQ 0.01 0.01 1.0× 10−4 11.0× 10−4 0.90× 104 1 × 106

MQ 0.01 0.01 1.0× 10−4 11.0× 10−4 0.90× 104 1 × 106

Zn
AQ 0.02 0.01 2.0× 10−4 1.0× 10−4 0.45× 104 1 × 106

HQ 0.01 0.01 1.0× 10−4 1.0× 10−4 0.90× 104 1 × 106

MQ 0.03 0.01 3.0× 10−4 1.0× 10−4 0.30× 104 1 × 106

Ni
AQ 0.09 0.01 9.0× 10−4 1.0× 10−4 0.1× 104 1 × 106

HQ 0.01 0.01 1.0× 10−4 1.0× 10−4 0.9× 104 1 × 106

MQ 0.04 0.01 4.0× 10−4 1.0× 10−4 0.2× 104 1 × 106

3.3. Adsorption studies

A binding isotherm measures the binding efficiency of a
polymer over a range of analyte concentrations. The binding
parameters such as total number of binding sites (Nt), median
binding affinity constant (Ko), heterogeneity index (m) and
binding capacity (Nt ×a), etc can be calculated from the bind-
ing isotherms by fitting the experimental adsorption isotherm
to specific binding models. As in case of MIPs[17–19], ex-
perimental binding isotherm were obtained for AQ-, HQ- and
MQ-based IIP particles by equilibrating with known concen-
tration of palladium over the range as described inSection
2.8. The Scatchard plots as well as Langmuir, Freundlich and
Langmuir–Freundlich plots were employed in this paper to
compare AQ-, HQ- and MQ-based palladium IIPs.

3.3.1. Scatchard plots
The conventional form of utilizing scatchard plot to gen-

erate the binding parameters require a plot ofB/F versusB.

Table 4
Percent extraction, distribution ratio and selectivity coefficients (SPd2+/Mn+) from admixtures of palladium, copper, zinc and nickel using IIP particles

Percent extraction Distribution ratio× 104 Selectivity coefficient×
106 (βPd2+/Mn+)

Cu Zn Ni Cu Zn Ni Cu Zn Ni

1.0
1.0
9.0

For homogeneous systems that contain only one type of bind-
ing site, the scatchard plot yield a straight line with a slope
equal to the negative of the binding affinity (Ko) and theX-
intercept equal to the number of binding sites (Nt). For AQ
polymer, the scatchard plot gives a straight line withNt and
Ko values of 963.766 and 24.80, respectively. In contrast, the
scatchard plots for the HQ- and MQ-based IIPs were curved
as observed for most MIPs. This curvature has been cited as
evidence for binding site heterogeneity. Heterogeneity can
be incorporated into the scatchard plot analysis by modeling
the curved isotherm as two or more straight lines, normally
done by using bi, tri or tetra Langmuir models. However, the
number of tangents to be drawn and finding the positions for
the tangents is a cumbersome task. Moreover, this analysis
is based on a series of approximations and the estimates of
the binding parameters will be accurate only under certain
conditions; and thus the results often lead to ambiguous con-
clusions. From the limiting slope analysis of straight lines,
the curved lines yield more than one set of binding parameter
AQ IIP 0.01 0.01 0.01 1.0
HQ IIP 0.02 0.01 0.02 2.0
MQ IIP 0.01 0.09 0.01 1.0
1.0 1 1 1
2.0 0.5 1 0.5
1.0 1 0.9 1
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corresponding to the high and low affinity sites. Thus, com-
plications quickly arise while using this analysis to compare
different polymers[20].

3.3.2. Binding isotherm studies
Batch rebinding studies represents a key method for char-

acterizing and comparing imprinted polymers. The binding
parameters can be estimated from the binding isotherms using
various mathematical models. However, in the choice of the
proper model, many important features should be taken into
account, apart from the numerical complexities involved in
the fitting procedure. The important among them are that the
model should be thermodynamically sound and have a clear
physical meaning, limiting the introduction of supplemental
parameters to the bare necessities. Many isotherms have been
reported in the literature to calculate the binding properties
of MIPs. However, the most commonly used models were
Langmuir, Freundlich and Langmuir–Freundlich.

The LF isotherm can be given as

B = NtaFm

1 + aFm
(4)

whereNt is the number of binding sites,a is related to the
median binding constantKo (Ko = a1/m) andm is the hetero-
geneity index. For a homogeneous material,m is equal to 1,
whereas whenm is between 0 and 1, the material is heteroge-
neous. For homogeneous material (m= 1), the LF isotherm
reduces to the Langmuir isotherm

B = NtaF

1 + aF
(5)

and on the other hand as eitherF or a approaches 0, the LF
isotherm reduce to the Freundlich isotherm

B = a Fm (6)
Fig. 4. Normal (top) and log plots (bottom) of adsorption isotherms for palla
experimental data (�) were fit to the Langmuir (L) (dotted line); Freundlich
dium(II) with: (a) AQ; (b) HQ; and (c) MQ-based palladium(II) IIP particles. The
(F) (dash–dot line) and LF (solid line) isotherms.
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Fig. 4. (Continued).

In the present study, the isotherm data were fitted to the
above three isotherm models, (i.e.) the Langmuir, Freundlich
and Langmuir–Freundlich models. TheB versusF and logB
versus logFplots obtained are shown inFig. 4. The isotherm
model parameters were obtained by a non-linear least squar
fitting of the experimental data using Marquardt–Levenberg
algorithm in Microcal Origin 6.0® (Microcal Software Inc.,
2000) data analysis package. The following function is min-
imised in order to obtain the best coefficients for the isotherm
parameters

F2 =

N∑
i=1

(Xi
exp − Xi

th)
2

Xi
th (7)

where,N is the number of data points,Xi
exp andXi

th are
the experimental data points and the points corresponding
to the model. To avoid being trapped in local minima, which
give incorrect results, the fitting was carried out several times
using different initial guess values for the isotherm param-

eters. The coefficient of determination (R2) values for the
adsorption isotherms was also found out. The isotherm that
correlates better with the experimental data is the one that
exhibits theR2 value closer to 1. The fitting coefficients or
binding parameters obtained by fitting L, F and LF curves to
the experimental adsorption isotherms of palladium(II) IIP
particles are shown inTable 5.

Comparing the suitability of isotherms in fitting the ad-
sorption data, the LF isotherm seems to provide better fits
for the three IIPs[21–23]. It does explain the degree of het-
erogeneity of the IIP in an explicit manner. Considering the
values of (R2) calculated for the IIPs, it is quite clear that the
AQ-based IIP shows good agreement with the homogeneous
distribution of binding sites and so it gives high selectivity and
percent extraction compared to other two IIPs. Even though
the MQ-based IIP had a higher number of binding sites (Nt)
than the AQ-based IIP, it is the heterogeneity of the polymer
that causes a reduction in selectivity and percent extraction
due to the lack of accessibility of the sites. The decrease in
selectivity and percent extraction for HQ-based IIP can be at-
tributed to the less number of binding sites and lowermvalue.
It should be pointed out that heterogeneity is normally detri-
mental to the binding properties, temper and limits the capac-
ity and selectivity of IIPs. Also from theTable 5, it is clear that
the variable ‘a’ that is relating to the median binding affinity
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is higher for the AQ-based IIP compared to the other two IIP
which is in agreement with the stability of the complexes
palladium(II) ion with different donor atoms of the ligands

Martin–Esteban group have calculated fitting paramet
using LF model for propazine and[24] and fenuron[25]
with MAA–EGDMA molecular-imprinted polymers via bulk
and precipitation polymerization. Umpleby et al.[21] have
found LF model is uniquely suited to fit isotherms and
calculate the fitting parameters for covalent (MIP 1), no
covalent (MIP 2) in addition to the other three MIPs (MI
3–MIP 5) based on the literature data.Table 6lists theNt
andKovalues obtained by Martin–Esteban and Umpleby
al. for MIPs along with our data for AQ-, HQ- and MQ-base
palladium(II) IIPs. As seen from theTable 6, theNt values
are higher for IIPs compared to MIPs excepting MIP 2. T
high value for MIP 2 is an exception which can be attribut
to the high heterogeneity of this polymer. Similarly, the me
association constants for palladium(II) IIPs lie between t
extremes characterized by MIP 1 and MIP 2.

The accuracy of the calculated fitting parameters mus
evaluated regarding the concentration range studied, i.e
binding curves have to be measured over a wide concentra
range (covering both saturation and subsaturation regio
which is assessed ifKo falls between the limits 1/Fmax and
1/Fmin, as reported elsewhere[24]. From the table, it is clear
that theKo falls within the required limits.

3.3.3. Affinity distribution studies
To address the heterogeneity in IIPs and for the accu

comparison of the binding properties, we have calculated
affinity distribution of the AQ-, HQ- and MQ-based IIPs. A
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Table 6
Nt andKo values of various imprinted polymers

Polymer Nt Ko Reference

Propazine 0.18 86 [24]
Fenuron 35 0.18 [25]
MIP 1 120 1.4 [21]
MIP 2 8 × 105 1.97× 10−9 [21]
MIP 3 23 1.4× 104 [21]
MIP 4 126 2.168 [21]
MIP 5 58 5.9× 10−6 [21]

IIP (AQ) 1048 2.74× 10−2

IIP (HQ) 593.6 3.21× 10−3 Present study
IIP (MQ) 1161.3 2.59× 10−4

affinity distribution is a plot of the number of binding sites
(Ni ) against the association constant (Ki ). In the present study,
LF isotherm seems to be the most applicable isotherm among
the three isotherm models as seen from above comparisons as
it can model both the saturation and sub saturation behaviour.
Hence, we have limited to generation of the affinity distribu-
tion curves corresponding to LF isotherm alone. (seeFig. 5).
The affinity distribution expression for the LF isotherm as de-
rived by Umpleby II et al.[21] is used for plotting the affinity
distribution curve. The expression is given by

Ni = Ntam

(
1

Ki

)m

×




1 + 2a(1/Ki)m + a2(1/Ki)2m

+ 4a(1/Ki)mm2 − a2(1/Ki)2mm2 − m2

[1 + a(1/Ki)m]4


 (8)

The earlier literature[21] shows that the covalently
imprinted polymers gave a relatively homogeneous uni-
modal distribution in the affinity spectrum whereas the non-
covalently imprinted polymers displayed a heterogeneous
distribution with an asymptotically decaying shape.

The affinity distribution plots for AQ- and HQ-based IIPs
om
d
n-
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t
in

ry
n-

<
m
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is
lec-
show that the rebinding takes place in a covalent mode. Fr
the affinity distribution curves for AQ and HQ (Fig. 5a an
b), it can be seen that the peak of the distribution is ce
tered atKo = a1/m. Also the shape of the distribution gets
broadened as the heterogeneity index reduces to lower
ues from 1. On the other hand, the affinity distribution plo
for MQ based IIP shows that the rebinding takes place
non-covalent mode (seeFig. 5c). The tailing portion corre-
sponds to the lower concentration, and in this case it is ve
difficult to reach the saturation due to the heterogeneity. Ge
erally, the stability of the metal complexes (pKHB) having N,
O and S as donor atoms decreases in the order N < O
S. But elements which have a particular tendency to for
donor � bonds (Hg, Pt, Pd and Ag, etc) show the rever
order N > O > S for the change in stability[26]. The re-
sults obtained in the present investigation is in tune with th
observation as the AQ-based polymer showed higher se
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Fig. 5. Affinity distribution curves for (a) AQ; (b) HQ; and (c) MQ palla-
dium(II) IIP particles calculated usingEq. (8).

tivity and percent extraction compared to HQ- and MQ-based
IIPs.

3.4. Reuse studies

The palladium(II) IIP particles were subjected to repeated
preconcentration and elution steps to check the reusability.
The retention/binding capacities of palladium(II) IIP parti-
cles were fairly constant even after 10 cycles. These studies
clearly indicate the availability of reversible nature of bind-
ing sites for picking palladium(II) ions using palladium(II)
IIP particles.

4. Conclusions

Palladium(II) IIP particles were synthesized as per the pro-
cedure described elsewhere[15] using the ternary complex of
palladium(II) with AQ, HQ or MQ as one of the ligand and 4-
vinyl pyridine as other ligand. Even though, imprinting effect
was noticed with AQ, HQ- and MQ-based palladium(II) IIP
particles, the AQ-based IIP particles showed better precon-
centration efficiency and higher selectivity coefficient com-
pared to selected noble and base metals. Furthermore, the
rebinding experiments enabled the: (i) evaluation of binding

ing
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to

at
nd
r-

s to
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der-
bt

IPs

nk-
d

I,

.
em.
parameters; and (ii) elucidation of nature and type of bond
present in IIPs. These results show that LF isotherm mo
fits well with experimental adsorption isotherm compared
L or F model. The affinity distribution curve indicates th
rebinding takes place via covalent mode in case of AQ- a
HQ-based palladium(II) IIP particles while in MQ-based pa
ticles it is via non-covalent mode. Studies are in progres
demonstrate the wide applicability of these models to ot
IIP particles also. Such studies may open new vistas in un
standing the ion recognition mechanism which will no dou
open up new directions in the synthesis of tailor made I
for various inorganic ions in the near future.
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