
Introduction

The removal and recovery of heavy metal ions from
industrial wastewater have been taking on an increasing
importance because of a combination of economic and
environmental factors. As an effective settlement, che-
lating groups are used for enriching and separating
heavy metal ions from aqueous solutions [1]. Water-
soluble polymers are insoluble when they are in the form
of crosslinked structure and provide an efficient way for
removal of the heavy metal ions selectively from dilute
solutions by complexing with their electron donor sites.

Interaction between polymer and metal ions generally
consist of various weak binding forces such as coordina-
tion bonds, hydrogen bonds, charge-transfer interaction,
hydrophobic interaction, etc. Although these interactions
are weak, they are significant and act multiply and
dynamically. Because they are plural, these binding forces
cooperatively play an important role in polymer-metal
complexes. The electron-transfer processes of the complex

moieties of polymer-metal complexes are often affected by
the dynamic conformational change of the molecular
environment around the complexes [2, 3].

The potential for the reduction of metallic ions are
greatly affected by the presence of species that form
complexes with those ions. The half-wave potential
(E1/2) or peak potential (Ep) for the reduction of a metal
complex is generally more negative than that for the
corresponding simple metal ion. For small pulses
amplitudes, the potential at maximum current (peak
potential, Ep) is close to the E1/2 polarographic poten-
tial, such that Ep was measured in this study. In fact, the
negative shift in potential permits elucidation of the
composition of the complexed ion and the determination
of its complex formation constant provided that the
electrode reaction is reversible. Thus for the reactions

Mnþ þHgþ ne��MðHgÞ
and

Mþ pL�MLp

Tuncer Çaykara
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Abstract The formation of metal
complexes between water-soluble
polymers, poly(vinyl alcohol) [PVA],
poly(N-vinylpyrrolidone) [PVP],
poly(acrylamide) [PAAm] and
poly(ethylene oxide) [PEO] with
trivalent metal ions, Fe3+, Cr3+,
and V3+ were studied by using dif-
ferential pulse polarography (DPP).
The general experimental observa-
tion is the shift of totally reversible
reduction peaks
(M3++Hg+e)�M2++Hg) to-
wards more negative potentials
when the complexing water-soluble

polymers are added to the solution
of trivalent metal ions. The negative
shift in potential permitted the
determination of complex formation
constants (Kf) between trivalent
metal ions and water soluble poly-
mers. The complex formation con-
stants for Fe3+, Cr3+, and V3+ ions
with these polymers increased in the
order of V3+>Cr3+>Fe3+.
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Lingane [4] derived the following relationship between
concentrations of ligand (L) and shift in half-wave po-
tential:

E1=2

� �
c � E1=2 ¼ �

0:0591

n
logKf �

0:0591p
n

log L ð1Þ

where (E1/2)c and E1/2 are the half-wave potentials for
the complexed and uncomplexed cations, respectively,
Kf is the complex formation constant, p is the molar
ratio of complexing agent to cation, and n is the number
of electrons transferred for reduction. Different experi-
mental techniques such as potentiometric [5], voltam-
metric [6, 7], or spectrophotometric [2] techniques are
reported in the scientific literature for the measurements
of Kf. In this study, the shift of the half-wave potential is
measured as mentioned in electrochemistry textbooks
[8]. Effect of complexing agent on polarographic half-
wave potentials at the dropping mercury electrode is
applicable whenever the electron transfer is reversible, as
in the case for the M3++e)

�M2+ where M is Fe, Cr,
or V.

Experimental

Apparatus A polarographic analyzer system (PAR 174
A), equipped with a mercury drop-timer, was used. The
drop time of mercury electrode was approximately 2–3 s
(2.75 mg/s). A Kalusek electrolytic cell with reference-
saturated electrode (SCE), separated by liquid junction
was used in three electrode configuration. Counter
electrode was platinum wire. The polarograms were re-
corded with a Linseis LY 1600 X-Y recorder. Pulse
polarograms were recorded under the conditions of a
drop life of 1 s, a scan rate of 5 mV/s, pulse duration of
50 ms, and pulse amplitude of 50 mV.

Chemicals Poly(N-vinyl 2-pyrrolidone) (PVP)
(Mw=120,000 g/mol), poly(ethylene oxide) (PEO)
(Mw=10,000 g/mol) poly(vinyl alcohol) (PVA)
(Mw=124,000 g/mol), and poly(acrylamide) (PAAm)
(Mw=10,000 g/mol 50 wt% solution in water) were
obtained from Aldrich.

The concentrations of these polymers used in the
complexation experiments were 0.1 base mole/L. Glacial
acetic acid, phosphoric acid, and boric acid were used
to prepare Britton-Robinson (B-R) buffers and
Cr(NO3)3Æ9H2O, FeCl3Æ6H2O, and VCl3 and were
obtained from Merck.

The 0.1 mol/L stock solution of Fe3+ was prepared
by dissolving FeCl3Æ6H2O in HCl solution to prevent
precipitation. The 0.1 mol/L stock solutions of Cr3+

and V3+were prepared by dissolving Cr(NO3)3Æ9H2O
and VCl3 in distilled water. 1·10)2 to 1·10)5 mol/L
working solutions were prepared by daily dilution.

B-R buffer solution was prepared in such a way that
2.3 mL glacial acetic acid, 2.7 mL phosphoric acid, and
2.4720 g boric acid dissolved in water to 1.0 L; 50.0 mL
portions of this solution were taken and the pH was
adjusted to 4.0 by addition of the appropriate amount of
2.0 mol/L NaOH. For the preparation of acetate buffer
solution, 57.2 mL glacial acetic acid was diluted to 1.0 L
and 50-mL portions of this solution was adjusted to
pH=4.0 by adding proper amount of 2.0 mol/L NaOH.

Procedure Ten milliliters of buffer solution (pH=4)
containing 5.0·10)5 mol/L of Fe3+, Cr3+, or V3+ in the
polarographic cell was deaerated by a stream of nitrogen
gas (99.999%) for 3.0 min. Polarograms of Fe3+, Cr3+,
and V3+ were taken by scanning the potential from
+0.15 to )0.45 V, )0.5 to )1.1 V, and )0.7 to )1.3 V,
respectively. After addition of polymer solutions onto
those trivalent metal ions in the same polarographic cell,
the polarograms were recorded by applying the above
potential sweeps. All the potentials were measured
against the reference of saturated calomel electrode
(SCE).

Results and discussions

A total of 10.0 mL acetic acid-acetate buffer (pH=4.0)
in the polarographic cell was deaerated through the
passage of pure nitrogen gas for about 5 min. Polaro-
grams of ferric ion solutions were taken through the
scanning of the potential from +150 mV to about
)450 mV at a scan rate of 5 mV/s. In this solution
5·10)5 mol/L Fe3+ showed a peak at about 0.0 mV
which corresponds to its reduction to Fe2+. When
polymer solutions were added to this solution the
reduction potential shifted towards more negative
potentials. The solutions with varying polymer ligand
(monomeric unit)/metal ions molar ratios were prepared
and shifting in peak potentials were measured. When
the PVA/Fe3+ molar ratio is increased from 0 to 250,
reduction peak broadened and the peak potential of
Fe3+ shifted from 0 to about )300 mV. The magnitude
of this shift in peak potential is related to the stability of
the complex between Fe3+ and PVA. In the same
manner, in 10.0 mL B-R buffer solution of Cr3+ shows a
reduction peak which corresponds to its Cr2+ (at about
)700 mV) reduction during the potential scan from
)500 mV to )1100 mV. The peak potential for chro-
mium shifted to more negative potentials with increasing
the PAAm concentration. When the PAAm/Cr3+ molar
ratios were increased from 0 to 100, the peak potential of
Cr3+ shifted from )700 mV to )930 mV (Fig. 1). The
shifting in peak potentials for V3+ during the potential
scanning from )700 mV to )1300 mV were observed
from )1000 mV to )1150 mV when the PEO/V3+ molar
ratios were increased from 0 to 75. Similarly, when the
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PVP/Cr3+ molar ratios were increased from 0 to 50, the
peak potentials for chromium shifted from )750 mV to
)950 mV. It must be mentioned that primary cause for
the slight decrease in the peak current intensities results
from the decrease of the diffusion coefficient of the tri-
valent metal ions with increasing polymer concentration
because of coordination to slowly diffusing macromol-
ecule [7].

From the data obtained, a plot of DE1/2 vs log CL has
been drawn (Fig. 2). From the intercept of the straight
line with the DE1/2 axis, logKf and then Kf values for
polymer/metal ions complexes were calculated (Eq. 1).
The complex formation constants for Fe3+, Cr3+, and

V3+ with water soluble polymers of PVP, PAAm, PVA,
and PEO are given in Table 1. As shown in Table 1, all
the water soluble polymers used in this work form rel-
atively stable complexes with Fe3+ ions and to a lesser
extent with Cr3+ and V3+, respectively. We calculated
Kf values of the order of 1015–1011 for Fe3+, 1012–109

for Cr3+, and 1014–108 for V3+ with the relative stan-
dard derivations between 5.5 and 12.3%. This behavior
could be attributed to the metal ion charge/radius ratio
[9]. The charge/radius ratio for the metal ions used in
this work, increases in order V3+<Cr3+<Fe3+ and the
stability of the metal complexes increases with increasing
of the metal ion charge/radius ratio. Since Fe3+ has the
smallest ionic radius than the other ions [10], it forms
stronger interaction with polymeric ligands. On the
other hand, Fe3+ ion has a higher electronegativity than
Cr3+ and V3+. This behavior should result in more
stable complexes between Fe3+ and electron donor
groups of polymeric ligands.

Other methods for the determination of the complex
constants of some metal ions with the selected polymers
usually include spectrophotometric or potentiometric
techniques. The stability constants for the complexes of

Fig. 1 Determination of the complex formation constant for Cr3+/
PAAm complex by differential pulse polarography: trace a)
10.0 mL pH=4.0 B-R buffer solution; trace b) 5.0·10)5 mol/L
Cr3+; trace c) 1.25·10)3 mol/L PAAm; trace d) 2.50·10)3 mol/L
PAAm; trace e) 3.75·10)3 mol/L PAAm; trace f) 5.00·10)3 mol/L
PAAm. Drop time: 1.0 s. Pulse amplitude: 50 mV. Pulse duration:
50 ms. Sweep rate: 5 mV/s

Fig. 2 Plot of DE1/2 vs log[CL] for polymer/M3+ complexes. (open
circles) Fe3+-PVA, (open triangles) V3+-PEO, (filled triangles)
Cr3+-PAAm

Table 1 Complex formation constants of Fe3+, Cr3+, and V3+ with some water soluble polymers (Average±Standard Derivation, n=3)

Polymers Kf RSDa(%)

Fe3+ Cr3+ V3+ Fe3+ Cr3+ V3+

PVA (1.02±0.11)·1015 (4.20±0.19)·1012 (2.30±0.26)·108 10.2 4.5 11.3
PEO (8.30±0.55)·1014 (5.68±0.32)·1010 (2.11±0.25)·1014 6.6 5.6 11.8
PAAm (4.15±0.33)·1013 (3.79±0.21)·1012 (5.03±0.62)·1010 7.9 5.5 12.3
PVP (6.00±0.34)·1011 (2.98±0.27)·109 (7.25±0.66)·108 5.7 9.1 9.1

n=number of experiments
aRelative standard derivation (reproducibility)
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poly(acrylic acid) with some metal ions were reported by
using potentiometric titration method and Kf values for
Zn2+, Ni2+, Co2+, VO2+, and Cu2+ were between
2.24·109 and 1.58·1011 [11]. The Kf values for poly(N-
vinylimidazole)-trivalent metal ion systems using UV-vis
spectroscopy for V3+, Cr3+, and Fe3+ were 1.17·109,
2.42·109, and 2.69·109, respectively [2]. The stability
constants for some polymeric chelating agents such as
poly(glycidyl methacrylate-iminodiacetic acid),
poly(glycidyl methacrylate-iminodiacetic acid-co-methyl
acrylate), and poly(glycidyl methacrylate-iminodiacetic
acid-co-acrylamide) with Ni2+, Zn2+, and Co2+ were
1.35·108, 1.94·108, and 1.51·109, respectively, by using
potentiometric and spectrophotometric methods [12].

Since the removal and recovery of metal ions by using
polymeric materials from industrial wastewater have
been receiving increasing attention in all industrial
branches because of a combination of economic and
environmental factors, the stability of the complexation
between heavy metals and polymeric ligands must be
determined by using more reliable or precise techniques
rather than conventional methods such as spectropho-
tometric techniques. Analytical tools used in many works
for Kf determination usually include spectrophotometric
techniques and the concentration of the species may be
higher than present method. On the other hand, the
potential shifts of metal ions and their complexes could
be determined directly without any interference effects.
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