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ABSTRACT: The free-radical copolymerization of water-
soluble poly(1-vinyl-2-pyrrolidone-co-hydroxyethylmethac-
rylate) was carried out with a feed monomer ratio of 75:25
mol %, and the total monomer concentration was 2.67M. The
synthesis of the copolymer was carried out in dioxane at
70°C with benzoyl peroxide as the initiator. The copolymer
composition was obtained with elemental analysis and 1H-
NMR spectroscopy. The water-soluble polymer was charac-
terized with elemental analysis, Fourier transform infrared,
1H- and 13C-NMR spectroscopy, and thermal analysis. Ad-
ditionally, viscosimetric measurements of the copolymer
were performed. The thermal behavior of the copolymer and
its complexes were investigated with differential scanning
calorimetry (DSC) and thermogravimetry techniques under
a nitrogen atmosphere. The copolymer showed high thermal
stability and a glass transition in the DSC curves. The sep-
aration of various metal ions by the water-soluble poly(1-
vinyl-2-pyrrolidone-co-hydroxyethylmethacrylate) reagent

in the aqueous phase with liquid-phase polymer-based re-
tention was investigated. The method was based on the
retention of inorganic ions by this polymer in a membrane
filtration cell and subsequent separation of low-molar-mass
species from the polymer/metal-ion complex formed.
Poly(1-vinyl-2-pyrrolidone-co-hydroxyethylmethacrylate)
could bind metal ions such as Cr(III), Co(II), Zn(II), Ni(II),
Cu(II), Cd(II), and Fe(III) in aqueous solutions at pHs 3, 5,
and 7. The retention percentage for all the metal ions in the
polymer was increased at pH 7, at which the maximum
retention capacity could be observed. The interaction of
inorganic ions with the hydrophilic polymer was deter-
mined as a function of the pH and filtration factor. © 2006
Wiley Periodicals, Inc. J Appl Polym Sci 100: 178–185, 2006
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INTRODUCTION

Poly(1-vinyl-2-pyrrolidone) (PVPD) is a nonionogenic
synthetic polymer that possesses a number of unique
properties. Thus, despite the apparent hydrophobicity
of its monomeric units, being similar in chemical com-
position to the units of polyleucine, a typical hydro-
phobic peptide, PVPD is rather hygroscopic and
readily soluble in water. Because of its hydrophilicity
and nontoxicity, it is widely used in medicine as a
blood plasma substitute, for prolonging the action of
drugs, and in various industrial fields.1

Soluble polymeric supports have been developed
for the complexation of various metals. In particular,

the preparation of soluble polymeric chelating agents
has received attention for applications to metal recov-
ery from dilute solutions.2–11

Polymers as metal-ion-complexing agents have
been extensively studied and widely applied to the
concentration and separation of various elements.12–20

The aim of this article is to study in conjunction with
membrane filtration the metal-ion interactions of a
nonionic water-soluble synthetic polymer with inor-
ganic ions in aqueous solutions, such as Cr(III), Co(II),
Zn(II), Ni(II), Cu(II), Cd(II), and Fe(III), at different pH
values because of their environmental and analytical
interest as well as the thermal behavior of the copol-
ymer and polymer/metal-ion complexes.

EXPERIMENTAL

Reagents

1-Vinyl-2-pyrrolidone (NVP; Merck, Stuttgart, Germany)
and hydroxyethylmethacrylate (HEMA; Merck) were
purified by distillation. All the other reagents were used
as received.
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The metal ions were used from Titrisol ampules
(Merck) as salts: CrCl3, CdCl2, CoCl2, NiCl2, CuSO4,
FeCl3, and ZnCl2 (CertiPUR-grade).

Synthesis of the copolymer

Poly(1-vinyl-2-pyrrolidone-co-hydroxyethylmethacry-
late) [P(NVP-co-HEMA)] was synthesized by radical
copolymerization with a 3 : 1 feed monomer ratio in
solution with 0.5 mol % benzoyl peroxide as the ini-
tiator.15 Before the interaction studies, the polymer
with the 3 : 1 feed monomer composition was dis-
solved in water and purified by membrane filtration
with a membrane with an exclusion limit of a molec-
ular weight of 10,000 g/mol. In this study, the fraction
of the polymer over 10,000 g/mol was used. The yield
of the copolymer was higher than 72%. All salts were
analytical-grade and were used as received.

Measurements

The elemental analyses were carried out with a Carlo
Erba 1106 analyzer (Italy). Fourier transform infrared
(FTIR) and 1H-NMR spectra were recorded on a
Bruker Vector 22 (Bruker Optics, Inc., Billerca, MA)
and Bruker Avance 400 spectrometer (Karlsruhe, Ger-
many), respectively. The intrinsic viscosity was mea-
sured in water solutions of copolymers (0.020–0.040
g/mL) with an Ubbelohde viscometer (Merck) at 30
� 0.1°C.

Equipment

The determination of the metal-ion concentrations was
carried out with a PerkinElmer 1100 atomic absorption
spectrometer (PerkinElmer, Shelton, CT). For lyophi-
lization, a Lab Conco 6L continuous freeze dryer
(Karl-Heinz Müller, Laborbedorf GmbH) was used.
The pH was determined with a Hanna 211 pH-meter
(Miami, FL). For the liquid-phase polymer-based re-
tention (LPR) technique, a membrane filtration system
was employed to test the coordinating properties of
the polychelatogen P(NVP-co-HEMA). Details have
been previously described.15–17

Copolymer composition

The molar percentages of the comonomer units (m1
and m2) in P(NVP-co-HEMA) with elemental analysis

data (concentration of N) were calculated according to
the following equation:

m1 �
M2

��AN/B� � �M � 10�2�

where M2 is the molecular weight of HEMA units, AN
is the atom weight of N, B is the concentration of N in
the copolymers (%), and �M is equal to M1 � M2. M1
is the molecular weight of the NVP unit.

Anal. Found for P(NVP-co-HEMA): C, 56.58%; N,
6.2%; H, 7.8.45%.

Complexation procedure

For the determination of the complex binding capac-
ity, the copolymer (1 wt %, 200 mg) was dissolved in
water (10 mL) and adjusted to the corresponding pH
by the addition of diluted nitric acid or sodium hy-
droxide. The aqueous solutions of the polymer and
metal, sulfates, nitrates, or chlorides (20 ppm) were
placed in the membrane filtration cell. The total vol-
ume in the cell was kept constant at 20 mL. The
reservoir contained water adjusted to the same pH as
that of the cell solution. A membrane with an exclu-
sion limit of 10.000 g/mol (Amicon PM 10 or the
equivalent, Millipore, Bedford, USA) was used. The
system was pressurized (300 kPa), and the cell solu-
tion was stirred for 10 min and then washed with the
reservoir fluid at a flow rate of 4–6 mL/min. The
filtration fractions (Z � 1–10) were collected, and the
concentrations of the metal ions in the filtrate and the
retentate were determined by atomic absorption spec-
troscopy. The copolymer was lyophilized for further
analytical control. Retention values were calculated
from the concentration measurements of the filtrate
and retentate.

RESULTS AND DISCUSSION

Synthesis and characterization of P(NVP-co-
HEMA)

The copolymer was soluble in water, dimethyl sulfox-
ide, acetone, and chloroform. The reaction conditions
and copolymer compositions are shown in Table I.

The copolymer P(NVP-co-HEMA) was synthesized
by radical solution polymerization. The weight ratios
of NVP to HEMA in the copolymer were calculated

TABLE I
Experimental Conditions for the Copolymerization of P(NVP-co-HEMA)

NVP HEMA
Feed molar

ratio Yield(%)
Time

(h)
Solvent

(mL)

Copolymer
composition

from H-NMRmmol mL mmol mL

30 3.21 10 1.22 3 : 1 72 2 15 54 : 46

Total concentration of monomers � 2.67M.
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from the N/C weight percentage ratio determined by
elemental analysis and 1H-NMR spectroscopy.

The highest yield value (72%) corresponded to a
copolymer composition of 54 : 46 mol % for the copol-
ymer richest in the NVP monomer.

The 1H-NMR spectrum (in D2O) showed the follow-
ing signals (�): 0.5–1.3 (OCH3), 1.4–2.6 (OCH2 from
the backbone of both monomer units and
OCH2CH2CO from NVP), and 2.9–4.5 ppm (OCH2N
and OCHN, and OCH2CH2OOH). The signal at 4.7
ppm was assigned to the solvent (see Fig. 1).

The relationship of the area corresponding to
OCH2N (2H) of ring protons from NVP with those

methyl protons (3H) coming from the HEMA unit
confirmed the copolymer composition calculated by
elemental analysis.

The 13C-NMR spectrum (in D2O) showed the fol-
lowing signals (�): 15–20 (OCH3, CH2O groups of
NVP), 32 (OCH2OCO), 32–38 (OCH2O at the chain),
40–50 (OCH2ON, OCH2O, and OCHO groups at
the chain), 66–67 (OCH2OCH2OH), and 110 ppm
(OCOCH2O from HEMA). A group of signals from a
low field to a high field at 165 ppm was assigned to
OCOOH; there were also signals at 175–180 (OCAO
from NVP) and 210 ppm (OCOOO from HEMA; see
Fig. 2).

Figure 2 13C-NMR spectrum of P(NVP-co-HEMA) (62.9 MHz, in D2O at room temperature).

Figure 1 1H-NMR spectrum of P(NVP-co-HEMA) (400 MHz, in D2O at room temperature).
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The FTIR spectra (KBr) for the copolymer showed
the presence of the following most characteristic ab-
sorption bands: 3421.9 [�(OH)], 2900 [�(CH, CH2)],
1710 [�(CAO, ester)], and 1655 cm�1 [�(CAO amide);
see Fig. 3].

Interactions with metal ions of P(NVP-co-HEMA)
at different pHs

The FTIR spectra (KBr) of the complexes showed an
important change in the absorption band at 2956.4
[�(CH)] and 1719.3 cm�1 [�(CAO, ester)] for com-
plexes with metal ions, which could be attributed to
the stronger interaction through the ester and amide
groups but not in the important way of the hydroxyl
groups. The characteristic absorption bands at 3421.9
cm�1 [�(OH)] showed an important change at a basic
pH (5 and 7, broad band); at pH 3, the band did not
show an important change, except that it was sharp.
The intensity of the absorption band of the carboxylic
group from HEMA at 1719.3 cm�1 [�(CAO, ester)]
increased for the complexes with metal ions at pHs 5
and 7 because of the coordination of the metal ions
with the carboxyl group from HEMA. The absorption
band at 2956.4 cm�1 [�(CH, CH2)] increased, and that
could be attributed to the interaction of the OCH
group bound to the nitrogen atom (OCHN) from NVP
(see Fig. 3). The interaction of the nitrogen atom from
NVP and carboxylic groups could lead to the forma-

tion of molecular complexes between the electron-
donor nitrogen from NVP and the carbonyl groups
from HEMA (see Scheme 1). At pH 3, the FTIR spectra
did not show any change.

Behavior of the copolymer as a polychelatogen

P(NVP-co-HEMA) has the characteristics of a nonelec-
trolyte. The complexation properties of P(NVP-co-
HEMA) with a copolymer composition of 54 : 46 mol
% and its interaction with seven metal ions were in-
vestigated with the LPR technique at pHs 3, 5, and 7
according to the washing behavior. The copolymer

Figure 3 FTIR spectrum of P(NVP-co-HEMA) and the complexes.

Scheme 1 Interaction of P(NVP-co-HEMA) with metal
ions.
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contains hydroxyl, amide, and ester as potential li-
gand groups. The chelating properties of the amide
groups for some metal ions are well known, as well as
the weak capability to bind metal ions of the hydroxyl
group. Ester groups are not usually used as ligand
groups. Therefore, for this polymer, a cooperative ef-
fect of different functional groups facilitating interac-
tions with the metal ions is suggested.

In the washing and enrichment methods, the reten-
tion of metal ions (R) in the cell solution is defined as
follows:

R � Cr � C0
�1 � 100�%�

where Cr is the metal-ion concentration in the reten-
tate (the cell solution after a filtrate volume of Vf has
been passed) and C0 is the initial metal-ion concentra-
tion in the cell. Z, expressed in relative units, is an-
other convenient characteristic of the process:19–24

Z � Vf � Vc
�1

Figure 4 Retention profiles for different metal ions with an aqueous solution (1 wt %) of P(NVP-co-HEMA) at different pHs.
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where Vc is the volume of the cell solution. The reten-
tion depends on polymer complex dissociation, which
is generally described by a reversible reaction:

M 	 L ^ ML

where M is the metal ion and L is the polymer with
complexing groups (ligands). In systems with inor-
ganic-ion concentrations that are relatively small with
respect to the polymer concentration, only the forma-
tion of ML may be taken into account. The concentra-
tion of the elements that do not form complexes is
determined through measurements before and after
the contact process.

Typical retention profiles of P(NVP-co-HEMA) are
shown in Figure 4. In general, high complexation with
P(NVP-co-HEMA) and metal ions was observed. The
percentage of retention for the copolymer that took
place with all metal ions was increased at pH 7. For
example, the copolymer presented low retention val-
ues at pH 3 for Z � 10, except for Cu(II), Zn(II), Cd(II),
and Co(II), which showed retention values between 79
and 94.5%; the highest value was for Co(II) at Z � 10
(see Table II). At pH 7, all the retention values were
higher. Therefore, the retention of metal ions in-
creased significantly, particularly for Fe(III), Cr(III),
and Ni(II) by an increase in the pH (see Table II). This
may be due to the formation and rearrangement of
different complexes of the copolymer with some of the
metal ions studied.

Higher complexation for Co(II), Cu(II), Cd(II), and
Zn(II) was observed at all pHs under study. At pH 3
for Ni(II), Cr(III), and Fe(III), the retention values were
lower than 60% and increased, except for Ni(II), for
which they lightly increased from pHs 3 to 5. These
values increased at pHs 5 and 7 (see Table II). Some
influence of the complexing comonomer unit at pHs 5
and 7 was observed for all the metal ions.

The retention percentage of the copolymer showed
that it possessed approximately the same reactivity
toward all the metal ions, except for Ni(II), Cr(III), and
Fe(III) at pH 3, at which significant differences in the
complexing ability of the copolymer were observed.
This behavior could probably be attributed to in-
tramolecular hydrogen-bonding attraction forces of
the chains and the equilibrium complexes process,
which were not in a quick equilibrium. The groups

that participated in this process were mainly the car-
bonyl groups from HEMA monomer units and the
nitrogen atom from NVP. The carboxyl group at the
lateral chain from HEMA and the nitrogen atom and
carboxyl group from NVP could exhibit relative weak-
ening of the intramolecular binding attraction forces
of the chains in comparison with the ionic polymer
polyelectrolyte.15–17,22 The retention percentage values
indicated that the polymer/metal-ion interaction was
basically through electrostatic forces. Complex forma-
tion was strongly dependent on the pH; the differ-
ences in the electron spin resonance spectra of three
complexes observed for Cu2	 with polyethyleneimine
at different pHs confirmed this suggestion.25,26 The
complexes were not in a fast equilibrium, and this
allowed them to be identified separately. An increase
in the pH of the medium increased the number of
deprotonated amino groups along the polymeric
chains, thus increasing the possibility of amino groups
interacting with the same metal ion.

The intrinsic viscosity of aqueous solutions of the
copolymer depended on the pH and on the presence
of the metal ions (see Table III). At different pHs, the
intrinsic viscosity of the copolymer increased in the
presence of the metal ions. This behavior could be
attributed to a weakening of the intramolecular hy-

Figure 5 Thermograms of the copolymer and metal com-
plexes of P(NVP-co-HEMA) and metal ions at different pHs.
The heating rate was 10°C/min under a nitrogen atmo-
sphere.

TABLE II
Retention Percentage of Seven Metal Ions by P(NVP-co-

HEMA) at pH values of 3, 5, and 7

pH

Metal ion

Cu(II) Co(II) Cr(III) Ni(II) Cd(II) Fe(III) Zn(II)

3 79.0 94.5 47.0 21.5 89.0 56.7 87.0
5 82.5 94.5 67.7 22.0 89.0 85.0 86.6
7 100.0 95.0 98.5 78.5 95.0 80.5 98.5

TABLE III
Intrinsic Viscosity (dL/g) of P(NVP-co-HEMA) and its
Complexes with Cr(III), Cu(II), Zn(II), Co(II), Ni(II),

Fe(III), and Co(II)a

pH P(NVP-co-HEMA) P(NVP-co-HEMA)–Mn	

3 0.130 0.260
5 0.160 0.275
7 0.180 0.375

a At 30°C, in water, and with 20 mg/L metal ions.
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drogen-bonding attraction forces in the chains, which
was caused by an increase in the charges along the
macromolecules during the complexing process.

Thermal Behavior

Thermogravimetric analysis (TGA)

TGA thermograms of the copolymers and their com-
plexes are plotted in Figure 5, and the data derived
from them are collected in Table IV. Under 200°C, the
weight loss was not significant and was attributed to
the loss of solvent and a small amount of monomer
residue in the complexes and copolymers.

The thermal behavior of the P(NVP-co-HEMA) co-
polymer was examined by TGA under nitrogen at a
heating rate of 10°C/min (Fig. 5). The plot shows that
the copolymer degraded continuously in a one-stage
process. As shown in Figure 5, the copolymer was
stable up to 308°C. At pH 5, the complex exhibited a
slightly higher stability, obviously because of the com-
plexing process of the metal–polymer support. For
example, the copolymer had a mass loss of 6.7% at
150°C, and for the complexes, it was 5.7, 1.8, and 4.1%
at pHs 3, 5, and 7, respectively (see Table IV). This
may be due to the formation and rearrangement of
different complexes of the copolymer with some of the
metal ions studied.

As expected, the copolymer P(NVP-co-HEMA) was
less stable than the complexes. For example, P(NVP-
co-HEMA) had a mass loss of 8.4% at 250°C and 11.9%
at 350°C, in comparison with values of 3.2% at 250°C
and 9.7% at 350°C for the complex at pH 5.

The copolymer with a composition of approxi-
mately 56:46 mol % at different pHs in contact with
metal ions presented a thermal decomposition tem-
perature (TDT) similar to that of P(NVP-co-HEMA).

The data are summarized in Table V. The residual
mass for complexes at pHs 3, 5, and 7 was higher than
that for the copolymer. The main reason could be
attributed to the fact that the linear P(NVP-co-HEMA)
presented in its structure a high percentage of in-
tramolecular and intermolecular bonding metal reac-
tions because of a higher percentage of metal-ion
bonding to comonomer units.

Glass-transition temperature (Tg)

Tg was estimated from the trace of this second run. In
all cases, to determine Tg of the samples, the criterion
of Tg at �Cp/2, where �Cp is heat capacity, was
adopted.

Differential scanning calorimetry (DSC) thermo-
grams of P(NVP-co-HEMA) (curve a) and copolymer/
metal ion complexes (curves b–d) are illustrated in
Figure 6. Tg for the polymer–metal complexes showed
a decrease with respect to the Tg value of the copoly-
mer (135°C). The same behavior for �Cp/2 was ob-
served in both polymer–metal complexes.

The initial deflection was proportional to the sample
heat capacity. Tg of P(NVP-co-HEMA) was around
135°C, and Tg for the complexes was between 115 and
124°C. The copolymer showed a single Tg, which in-
dicated the formation of random copolymers.

CONCLUSIONS

The copolymer was soluble in water, dimethyl sulfoxide,
acetone, and chloroform. The separation of various
metal ions by the water-soluble P(NVP-co-HEMA) re-
agent in an aqueous phase with LPR was investigated.
P(NVP-co-HEMA) could bind metal ions such as Cr(III),
Co(II), Zn(II), Ni(II), Cu(II), Cd(II), and Fe(III) in aqueous
solutions at pHs 3, 5, and 7. At pHs 5 and 7, most metal
ions showed retention values over 80%, except for Ni(II).
At pH 7, most metal ions showed retention values higher
than 95%, except for Ni(II) and Fe(III). Thus, P(NVP-co-
HEMA) is an effective reagent for the separation of metal
ions because of the high concentration of metal ions at
pHs 5 and 7. In general, only slight complexation of
Ni(II) and Cr(III) with P(NVP-co-HEMA) took place at
pH 3. This behavior can probably be attributed to in-
tramolecular hydrogen-bonding attraction forces of the
chains. It was not possible establish a general behavior

TABLE V
Tg and �Cp for P(NVP-co-HEMA) and its Complex at

Different pH Values

P(NVP-co-HEMA)

Polymer/metal-ion
complex

pH 3 pH 5 pH 7

Tg (°C) 135 115 120 124
�Cp (J g�1 K�1) 0.276 0.134 0.163 0.183

TABLE IV
Thermal Behavior and TDT of the Copolymer and its Complexes at Different pH Values (Initial Mass � 4.2–6.0 mg)

Temperature (°C)

Weight loss (%) at different temperatures (°C)

150 250 350 450 550 TDT

P(NVP-co-HEMA) 6.7 8.4 11.9 64.3 95.3 308
P(NVP-co-HEMA)–Mn	 at pH 3 5.7 7.6 13.0 66.4 93.6 308
P(NVP-co-HEMA)–Mn	 at pH 5 1.8 3.2 9.7 62.7 93.1 309
P(NVP-co-HEMA)–Mn	 at pH 7 4.1 5.4 14.6 69.7 88.9 298
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based on the ionic radium and the hard–soft acid–base
principle.

The intrinsic viscosity increased in the presence of
the metal ions, depending on the pH, with higher
values found at pHs 5 and 7. A higher stability of the
polymer–metal complexes was found with TGA. This
may be due to the formation and rearrangement of
different complexes of the copolymer with some of the
metal ions studied. The copolymer with a composition
of approximately 56:46 mol % at different pHs in
contact with metal ions presented a TDT similar to
that of P(NVP-co-HEMA). The residual mass for com-
plexes at pHs 3, 5, and 7 was higher than that for the
copolymer. The copolymer showed a single Tg, which
indicated the formation of random copolymers. Tg for
the polymer–metal complexes decreased with respect
to the Tg value of the copolymer (135°C).
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