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ABSTRACT: Commercial, water-soluble poly(ethylene-
alt-maleic anhydride), P(E-a/t-MAn), was quantitatively hy-
drolyzed by 0.2M NaOH to yield poly(ethylene-alt-maleic
acid), P(E-alt-MAc). The polymer structure is confirmed by
FT-IR spectroscopy. As the pH increases, metal ion affinity
increases because the majority of the functional groups are
present as carboxylate anions, which can form more stable
complexes at a higher pH. By increasing the filtration factor,

Z, metal ion affinity does not significantly decrease, which
means that the ligand-metal interaction is strong and cannot
be destroyed by washing with water at the filtration cell’s
pH. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 101: 2057-2061,
2006
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INTRODUCTION

Polymer interactions with metal ions are a subject of
interest because of their potential analytical and tech-
nological applications in fields like environmental sci-
ence, wastewater treatment, metallurgy industry, etc.,
as well as their implications in biological systems. The
main uses and applications for insoluble polymeric
matrix are related to metal recovery from dilute solu-
tions.'""® There are different natural and synthetic
products that present ion-exchange properties. Or-
ganic resins are the most commonly used ion exchang-
ers, providing high chemical and mechanical stability,
high ion-exchange capacity and ion-exchange rates,
and the possibility to select the fixed ligand groups
and the crosslinking degree.

Water-soluble polymer-metal ion interactions take
place in a homogeneous medium. To face the problem
of separating metal ions bound and not bound to the
polymer, among the most promising techniques used
are separation methods based in the membrane pro-
cess.” > Membrane filtration easily allows this sepa-
ration by means of the liguid-phase polymer-based reten-
tion (LPR) technique.”'*'® Applications of water-solu-
ble polymers (WSP) to the homogeneous enrichment
or selective separation of various metal ions from
dilute solutions have been reported. Ultrafiltration is
found as the most suitable technique for LPR stud-
ies.” For use in homogeneous metal ion recovery,
appropriate WSP should present high water solubility,

Correspondence to: B. L. Rivas (brivas@udec.cl).

Journal of Applied Polymer Science, Vol. 101, 20572061 (2006)
© 2006 Wiley Periodicals, Inc.

an easy and inexpensive synthesis route, an adequate
molecular weight and molecular weight distribution,
chemical stability, high affinity for one or more metal
ions, and selectivity for the metal ion of interest.

Water-soluble chelating polymers containing chelat-
ing groups are called polychelatogens. The features of
coordination between polymers and metal ions may
be described by the usual coordination theories, but
some special aspects should be considered. When in-
trachain complexes are predominant, the existence of
a polymer domain with near constant concentration of
ligands is normally recognized since the distances be-
tween them keep them within a narrow range for a
given polymer chain.*® Consequently, the chelating
reaction appears as a one-step reaction. For relative
low ligand amounts in the solution, completely com-
plexed metal ions may coexist with free, uncomplexed
ones. Sometimes, the reactivity of the complexes is
strongly affected by the polymer ligand that exists
outside the coordination sphere and surrounds the
metal complex through special chemical environmen-
tal and steric effects.

The interactions between polymers and metal ions
are very dependent on ionic strength, and low in-
teraction rates are found when ionic strength is
high.*>?* Consequently, at pH 1.0, where the con-
centration of the monovalent H" ions is high, low
interaction rates are always found. The interaction
rates increase rapidly with pH increases, and high
retention values are found for divalent and trivalent
metal ions at pHs above 3.0. In contrast, when in-
teractions occur through the formation of coordinat-
ing bonds, the nature of the metal ions and the pH
effect may induce differences in the retention pro-
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files of like-charged metal ions and selectivity is
often influenced.1216:17,20,23,24,26,27,31,35

The polyelectrolyte pattern has been found in ho-
mopolymers containing sulfonate groups like poly(sty-
rene sulfonate) (PSS) or poly(2-acrylamido-2-methyl-1-
propanesulfonic acid) (PAPS). Polymers containing
carboxylic groups, such as poly(acrylic acid) (PAA) or
poly(methacrylic acid) (PMA), behave as weak poly-
electrolytes and present high retention values at pHs
above 3. They also have chelating properties, and it is
found that interactions with Cu(Il) are normally more
intense than with other divalent metal ions. This poly-
chelatogen pattern is found in polychelatogens like
poly(N-methyl-N’-methacryloyl piperazine) (PAMP),
poly[(N-hydroxyethyl)ethyleneimine] (PHEI), and
poly(ethyleneimine) (PEI). When copolymers that con-
tain both chelating and charged groups are concerned,
their relative comonomer composition influences their
behavior. The retention behavior for the copolymer
P(AMP-APS) containing sulfonate groups and amino
groups in a 1:1 composition was compared with the
behavior of the corresponding two homopolymers
PAPS and PAMP.?® The experiments were performed
so that 0.01M of the sulfonate groups were present in
the cell solution containing PAPS or P(LAMP-APS), and
0.01M of piperazine pendant groups were present
when using PAMP or P(AMP-APS). The results for the
Co(II) retention when the initial solution has been
eluted with a volume of water of 10 times the volume
of the solution inside the ultrafiltration cell [R,(10)]
indicate that the copolymer loses its ability to bind the
metal ion, a fact that can be explained postulating an
interaction of the sulfonate groups with the amino
groups by charge-transfer or hydrogen-bonded forces
that should block both functional groups. Concerning
the evolution of the R,(10) values with the pH, it can
be seen that PAPS shows a typical polyelectrolyte
behavior, while PAMP shows a pattern corresponding
to a chelating polymer.

The aim of this article is to investigate the metal ion
properties of a water-soluble copolymer containing
only one moiety with functional groups (such as car-
boxylic/carboxylate groups) and a monomer unit (like
ethylene) to improve the mechanical properties of the
polymer without decreasing the metal ion retention
properties.

EXPERIMENTAL
Reagents

Poly(ethylene-alt maleic anhydride), P(E-alt-MAn),
was obtained from Aldrich Co. (Milwaukee, WI). All
metal salt are analytically pure from Merck (Stuttgart,
Germany). Ni(NO3), X 6 H,0, 99%, Co(NO3), X 6 H,0,
99%, Mg(NO3), X 6 H,0, 99%, Cd(NO;), X 4 H,0, 99%,
Ca(NO;), X 4 H,0, 99%, Cu(NO;), X 3 H,0, 99%,
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Figure1 FT-IR spectra for (a) P(E-alt-MAn) and (b) P(E-alt-
MAc), KBr, at room temperature.

Zn(NOs3), X 6 H,0, Pb(NO3),, Cr(NOj3); X 4 H,0, 99%,
nitric acid, 65%, were all obtained from Merck, and
sodium hydroxide, 97%, from Aldrich was used to
adjust the pH.

The solutions were prepared with twice-distilled
water whose conductivity was lower than that 1 uS
cm ™,

Hydrolysis of poly(ethylene-alt-maleic anhydride)

P(E-alt-MAn) (16.0000 g) was dissolved in 200.0 mL of
2M NaOH and stirred for 24 h. The product is water
soluble and corresponds to poly(ethylene-co-maleic
acid) P(E-alt-MAc). The FT-IR spectrum of P(E-alt-
MAc) shows two special characteristics, a broadening
and higher intensity of the absorption signal at 3444
cm ™' (O—H, from carboxylic acid) and the complete
disappearance of the signal at 1780 cm ™! (C=0, an-
hydride) with the presence of the signal at 1629 cm ™"
corresponding to the carboxylic acid (C==0) (see Fig.
1). On the basis of this information, the hydrolysis is
quantitative.

The polymer is fractionated and characterized. The
GPC-determined molecular weight is 240,000 g mol .

Procedure (washing method)

With 20.0 mL of a solution containing 5.0 X 107> eq/L
of a water-soluble copolymer, 0.010 or 0.10M of
NaNOj; and 1.0 X 10 *M of metal ions are placed into
the solution cell provided with an ultrafiltration mem-
brane with a membrane’s molecular mass cut off
(MMCO) of 10,000 Da (Millipore, Amicon).

The pH was adjusted to 5.0 with dilute HNO;. The
washing solution (0.010M or 0.10M of NaNO; in water
at pH = 3.0, 5.0, and 7.0, depending on the metal ion)
was passed under pressure (3 bar of N,) from the
reservoir into the cell solution. All the experiments
were performed at constant ionic strength (see Table
I). As the in- and out-flux are rapidly equaled, the
initial volume (20.0 mL) is maintained constant during
the experiment. Ten fractions of 20 mL were collected.
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TABLE 1
General Conditions for the Washing Method
Metal ion
concentration Amount of metal

Metal ion (ppm) ion (mmol) pH
Cd?* 28.0 0.005 3,57
Ca%* 10.0 0.005 3,57
Co?* 145 0.005 3,57
Cu?* 16.0 0.005 3,5
Cri* 13.0 0.005 3
Mg>* 6.0 0.005 3,57
Ni** 14.5 0.005 3,57
Pb>* 52.0 0.005 3,5
Zn** 16.5 0.005 3,57

Volume, final concentration, and pH and volume of metal
ion aqueous solution (1000 ppm). Cell volume: 20 mL, pres-
sure: 3.5 bar, eluent: water at different pHs.

Each fraction was collected in graduated tubes, and
the corresponding metal ion concentration was deter-
mined.

Measurements

The molecular weight of the polychelatogen was de-
termined by gel permeation chromatography (GPC),
using a Perkin-Elmer series 200 with a differential
refractive index (DRI) detector and PL-aqua gel-OH
columns. The water and polystyrene were the solvent
and standard, respectively. The FT-IR spectra are re-
corded on a Magna Nicolet 550 spectrophotometer.

The pH is determined with a Jenco Electronics 1671
pH-meter. For the LPR technique, a membrane filtra-
tion system was employed to test the coordinating
properties of the polychelatogen. A Unicam Solaar M5
series Atomic Absorption Spectrometer was used for
the determination of the metal ion concentrations in
the filtrate.

RESULTS AND DISCUSSION

To study the metal ion retention properties of the
polychelatogen poly(ethylene-alt-maleic acid), the
LPR technique by the washing procedure is used.

This is a batch-like method where a liquid sample
containing the polymer and the metal ions to be sep-
arated is placed in the ultrafiltration cell at a given pH
and ionic strength. This is then washed with a water
solution contained in the reservoir that should repro-
duce the same pH and ionic strength values. Condi-
tions should be produced in which the ions of interest
are retained and other species are removed.

The binding and elution processes may be formu-
lated as a chemical reaction, where a reversible inter-
action reaction of the metal ion with the polymer in
combination with an irreversible transfer of metal ions
across the membrane is responsible for metal reten-

tion. Irreversible binding of metal ions to the polymer
may also be found. The influence of the membrane in
metal retention inside the ultrafiltration cell is low and
may be negligible in most cases.

The retention profiles for the following metal ions:
Co(II), Ni(Il), Ca(ll), Mg(ll), Pb(I), Cd(I), Zn(II),
Cr(Ill), and Cu(ll) were studied using the LPR tech-
nique at pH 3, 5, and 7, while changing the filtration
factor Z from 0 to 10.

To obtain the retention profiles, a P(E-alt-MAc):
metal ion 40 : 1.0 relationship is used and corresponds
to 0.2 : 0.005 mmol. This ratio should ensure an excess
of ligand groups with respect to the metal ion. At the
investigated pH, the metal ions are present basically in
free form, avoiding the presence of species such as
M(OH)"" and M(OH),,.

The metal ion retention ability of the water-soluble
polymer depends strongly on the pH (see Fig. 2). As
the pH increases, the metal ion retention increases.
This behavior is because at higher pH, the majority of
carboxylic acid groups are nonprotonated. Therefore,
the carboxylate is more available to bind metal ions
and especially at pH > 5, which is above to the pKa
value for an acrylic acid.

P(E-alt-MAc) shows a high affinity for all the metal
ions. At low pH, by increasing the filtration factor (Z),
metal ion affinity decreases. This result means that the
ligand-metal interaction is very weak, and that it is
possible to destroy it by washing it with water at the
filtration cell’s pH. This is because the carboxylic
groups of malonic ligands are protonated, and the
complexing reaction between the ligands and metal
ions is in competition with the protonation reaction.
But at a higher pH, such as pH 5.0 and pH 7.0 that are
above the pKa of malonic groups, the protonation
reaction is negligible and the carboxylic groups are
deprotonated, yielding a high ligand capacity for com-
plex metal ions. Therefore, there is no important de-
crease in the retention as Z increases, indicating that
the carboxylate-metal ion complexes are strong.

As Z is a qualitative measurement of the strength
between the metal ion and the ligand group, the metal
ion retention capacity was studied at pH 7.0 and Z
= 10. (see Fig. 3). The higher retention values are
achieved for transition metal ions like Ni(II) (0.005
mol), Co(II) (0.005 mol), Cd(II) (0.005 mol), and Zn(II)
(0.005 mol), while Ca(Il) (0.0033 mol) and Mg(II)
(0.0043 mol) are less retained. This difference is related

CHZ,—CHH H—CH

S y
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OH OH n

Scheme 1 Poly(ethylene-alt-maleic acid)
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to the empty orbitals in transition metal ions and the
electronic cloud deformation capacity.

The coordination features between polymers and
metal ions can be described by the usual coordination
theories, but some special aspects should be consid-
ered. When intrachain complexes are predominant,
the existence of a polymer domain with a near con-
stant ligand concentration is normally recognized
since the distances between them keep them in a nar-
row range for a given polymer chain. This character-
istic feature is responsible for the appearance of the
chelating reaction as an one-step reaction. For relative
low ligand amounts in the solution, completely com-
plexed metal ions may coexist with free, uncomplexed
ones. The reactivity of the complexes is sometimes
strongly affected by the polymer ligand that exists
outside the coordination sphere and surrounds the
metal complex by means of special chemical environ-
mental and steric effects.

Depending on the pH value, ionized carboxylic acid
may form complexes with D, or Dy, (dimmer) sym-
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Figure 2 Retention profiles of P(E-alt-MAc). Polymer frac-
tion: 100,000 Da at pH (-@-) 3.0, (-l-) 5.0, and (- ¢-) 7.0.
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Figure 3 Metal ion retention properties of P(E-alt-MAc) at
different pH and filtration factor Z = 10. Polymer fraction:
100,000 Da.

metry. At high pH values, the polymer chain has a
drawn shape because of the electrostatic repulsion of
charged carboxylate groups, where metal ions are
then binding with either one or two neighboring
groups. At pHs close to 4.5, the macromolecular coil
contract and the metal ions are able to coordinate two
to four carboxylic groups.

The necessary time to achieve 100% retention de-
pends on the membrane’s MMCO, the polymer’s mo-
lecular weight, and pH. The time was not determined
for these measurements, but for a membrane with a
MMCO of 10,000 Da, in general the time is approxi-
mately 1 h (after Z = 10). The polymer can be regen-
erated by protolysis and electrolysis of the polymer—
metal ion complexes.

CONCLUSIONS

The water-soluble polyelectrolyte poly(ethylene-alt-
maleic acid) presented a high affinity for the following
metal ions: Co(Il), Ni(II), Ca(II), Mg(Il), Pb(II), Cd(II),
Zn(Ill), and Cu(Il), but not for the trivalent cation,
Cr(Ill). At low pH, by increasing the filtration factor,
Z, metal ion affinity is very poor, indicating a very
weak ligand-metal interaction and one that can be
destroyed by washing with water at the filtration cell’s
pH. At these pHs, the metal cation must compete with
the protons. But at a higher pH, such as pH 5.0 and pH
7.0, the ability to bind metal ions increased signifi-
cantly and there is no important decrease in the reten-
tion as Z increases, which means that the carboxylate—
metal ion complexes are very strong. At these pHs, the
metal ions are able to coordinate two to four carbox-
ylic groups. The polymer—-metal ion interaction may
be intramolecular or intermolecular or both.
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