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ABSTRACT: The formation of complexes between linear poly(acrylic acid) (PAA) and uranyl
ions in aqueous solutions was studied with conductometry, potentiometry, thermal anal-
ysis, Fourier transform infrared, and luminescence spectroscopy methods. The stoichiom-
etry of the PAA/UO2" complex on repeating units of a PAA basis was determined to be 2:1.
IR spectroscopy studies made on solid complexes showed that the carbonyl stretching
absorption band of PAA was shifted to a higher wave number, and a new band at 1749
cm ! in the polycomplex spectrum was observed, confirming the existence of specific
interactions between the carboxylate groups of PAA and metal ions. Luminescence spec-
troscopy studies showed an increase in the intensity of the uranyl-ion emission spectra and
new band formation at 483 nm, further confirming the interaction of UOZ" ions with PAA
in aqueous solutions. The thermal behavior of PAA/UO2* complexes further proved strong
interactions in the complex structure. The thermal degradation of the polycomplexes
included the main stages of destruction of both PAA and uranyl nitrate. © 2004 Wiley

Periodicals, Inc. J Polym Sci Part B: Polym Phys 42: 1610-1618, 2004
Keywords: uranyl ions; poly(acrylic acid); metal-polymer complexes; polyelectro-

lytes; luminescence

INTRODUCTION

One of the most interesting features of polyelec-
trolytes is their ability to form polycomplexes
with oppositely charged small and big molecules
because of Coulombic interactions. The investiga-
tion of the complex formation of polyelectrolytes
with metal ions is of great importance because of
the possibility of applying this process to pollu-
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tion control and wastewater treatment, enrich-
ment technologies, catalysis, and so forth.'™
Poly(acrylic acid) (PAA) is a polyelectrolyte
containing hydrophilic carboxyl groups in every
repeating unit. The presence of carboxylate ions
along the polymeric chain ensures the possibility
of forming polycomplexes with positively charged
moieties and metal ions, the latter being coordi-
nated to one or more COO~ groups.®” The stabil-
ity of these polycomplexes depends on various
factors, such as the polycomplex preparation con-
ditions, the structure of the polymer and/or low-
molecular-weight species, the concentrations of
the components, the temperature, the nature of
the solvent, and the pH. Mathew et al.® studied
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the complexation of PAA with different transi-
tion-metal ions by IR and ultraviolet—visible spec-
troscopy and by the thermal analysis of solid com-
plexes. They found that increasing the pH of
aqueous solutions improved the metal-ion uptake
with subsequent complexation. The stability of
polycomplexes arises from the formation of stable
coordination geometries within the polymer back-
bone.

Morecellet et al.® studied the ligand concentra-
tion effect on the formation of metal complexes
between PAA and divalent, trivalent, and tet-
ravalent metal ions. The complex formation con-
stants decreased with increasing polymer concen-
tration.

Akman et al.”” showed the possibility of using
water-soluble PAA for the preconcentration and
separation of some metal ions (Zn®>", Cu?*, and
Cd?"). They found that these ions were quantita-
tively (+0.5%) collected by the polymer over a
wide pH range of 3-9.

Pochard et al.'! investigated the specificity of
the exchange between divalent (Ca®* and Ba®")
and monovalent (Li*, Na®, and K") ions onto
PAA chains with conductometry and microcalo-
rimetry techniques. They found that the complex-
ation with Ca®" and Ba®" implied a monotonous
release of condensed monovalent ions accompa-
nied by a reduction in the number of ionized car-
boxyl groups of PAA.

Some investigations have been devoted to the
doping of PAA by metal clusters. Cardenas et al.'?
incorporated different metal clusters into PAA
within the range of 0.22-13.3% (w/w). The ther-
mal degradation of the clusters was not ordinary
but depended on the nature of the metal ion.

Rosendo et al.!® prepared PAA doped with
Eu®" and Tb®* and showed that the dopant ions
could be incorporated into the polymer through
the formation of strong lanthanide—oxygen chem-
ical bonds.

Luminescence methods have been increasingly
used to examine different types of interactions
because of their inherent sensitivity. The lumi-
nescence properties of lanthanide (Eu®*, Tb3",
etc.) and actinide ions such as UO2" in aqueous
solutions are well known. Their applications help
to establish, for example, transitions between dif-
ferent structures and phases and distinctions be-
tween intramolecular and intermolecular associ-
ation.!>1® Nagata and Okamoto'® investigated
metal-ion binding by poly(sodium acrylate) (PSA)
with rare-earth Tb?" metal-ion fluorescence
probes. They found that the presence of polyelec-

1.1

trolytes enhanced the fluorescence intensity of
the metal ions in aqueous solutions considerably;
this was due to the unique asymmetric PSA en-
vironment surrounding Tb?".

Earlier, Nishide et al.'” and Leroy et al.'® in-
vestigated the complexation of UO2" with linear
PAA in aqueous solutions by potentiometry and
pulse polarography techniques, respectively.
They estimated the stoichiometry for the com-
plexation of the UOZ" by PAA to be 2 and the
dissociation constants of the polycomplex to be log
K = 9.3'7 and 9.5.'® It should be noted that the
complexing ability of uranyl ions with PAA li-
gands is higher than for PAA/Cu®* (log K = 6.6),
PAA/Ni®" (log K = 5.5), PAA/Cd®" (log K = 6.1),
and PAA/Pb%>" (log K = 7.1);'%2° this means
higher stability of the PAA/UO2" complex.

This work approaches, from another point of
view, the complexation ability of PAA with UO2"
in aqueous solutions'”'® and tries to elaborate
the mechanism of complex formation between
PAA and uranyl ions in aqueous solutions by lu-
minescence spectroscopy and potentiometry and
conductometry techniques with a molar ratio
method.?! The PAA/UO2" complex in the solid
form was investigated with Fourier transform in-
frared (FTIR) spectroscopy and thermogravimet-
ric analysis (TGA) methods.

EXPERIMENTAL

Materials

PAA (BDH Co., England), with a weight-average
molecular weight of 2.3 X 10°, and hexahydrate of
uranyl nitrate [UO4(NOjy), - 6H,0; Merck, Darm-
stadt, Germany] were used without further puri-
fication. The PAA/UO2" aqueous solutions were
prepared through the addition of PAA of different
concentrations (mol L ! on a repeating unit basis)
to UO2" aqueous solutions ([UO2*] = 0.001 mol
L~ 1). All experiments were carried out at the am-
bient temperature and within 10 min after the
mixing of the components to avoid precipitation of
the polycomplex.

For the preparation of the solid PAA/UOZ*
complex, PAA and UO,(NOs;), - 6H,O were sepa-
rately dissolved in water (at concentrations of 0.2
mol L ! on a repeating unit basis and 0.1 mol L1,
respectively) and mixed in a volume ratio of 1:1. A
yellowish, solid precipitate formed. The precipi-
tated polycomplex was centrifuged, washed with
distilled water several times, and dried in vacuo
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Figure 1. Effect of the PAA concentration on (1,3) the conductivity and (2,4) pH of

aqueous solutions in (1,2) the presence and (3,4) the absence of UOZ" ([UOZ*] = 0.001

mol L™1).

to a constant weight. The thermal scan process
started after the preheating of the samples until
120 °C at a scanning rate of 2°/min for the re-
moval of residual or superficially bound water. A
13% weight loss was observed upon the preheat-
ing of UO4(NOs), - 6H,0 to 120 °C and could be
attributed to the loss of three water molecules.
The final form of preheated uranyl nitrate was,
therefore, considered UO4(NO;), - 3H,0.

Methods

The conductivities of PAA aqueous solutions of
different concentrations in the presence and ab-
sence of UO2" ions were measured with a WPA
CM35 conductometer (Linton, Cambridge, United
Kingdom). The pH values of aqueous solutions
were determined with a digital pH 211 micropro-
cessor pH meter (Hanna Instruments, Germany).

The emission spectra of UOZ" ions before and
after complexation with PAA in aqueous solutions
were recorded on a PerkinElmer LS 55 lumines-
cence spectrometer (PerkinElmer Instruments,
United Kingdom) under excitation at 310 nm. All
complex formation experiments were performed
between pH 2.95 and pH 4.02 to avoid the hydro-
lysis of UO,2* 2* at 25 + 1 °C.

FTIR spectra of solid samples were recorded on
a Nicolet 520 FTIR spectrometer (Nicolet Instru-
ments, Madison, WI) in the form of KBr discs.

The thermal behaviors of PAA, uranyl nitrate
trihydrate, and the polycomplex in the solid state

were investigated with a 951 thermogravimetric
analyzer and a 910 differential scanning calorim-
eter (Du Pont Instruments, United States) at a
scanning rate of 10°/min in a dry nitrogen atmo-
sphere. The glass-transition temperature (T,) of
PAA was determined as the middle value of the
reverse S-shape on the differential scanning cal-

orimetry (DSC) curve.

RESULTS AND DISCUSSION

The complexation of PAA with uranyl ions was
studied by potentiometry and conductometry
techniques with a molar ratio method.?? Figure 1
shows the variation of the pH and electrical con-
ductivity of PAA/UO2" aqueous solutions as a
function of n, where n is the molar ratio of PAA
repeating units to uranyl ions. An increase in the
PAA content leads to a gradual decrease in the pH
values and an increase in the solution conductiv-
ity. In both cases, the saturation appears around
a 2:1 molar ratio of PAA on a repeating unit basis
to UO2". The further increase in the PAA concen-
tration in the mixture practically does not affect
the pH and conductivity. The changes in the pH
and conductivity upon the mixing of the two so-
lutions indicate the release of hydrogen ions into
solution, which results from the binding of uranyl
ions by carboxylate groups of PAA. n = 2, corre-
sponding to the complexation of 2 repeating units
of PAA with 1 uranyl ion via Coulombic forces,
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Figure 2. FTIR spectra of (1) PAA, (2) UO,(NOy), - 3H,0, and (3) PAA/UOZ" poly-

complex (n = 2) in the solid state.

has been observed on potentiometry and conduc-
tometry curves. The corresponding changes in the
pH and conductivity of a pure PAA solution is
shown for comparison. The variation of the pH
and conductivity values of PAA solutions is typi-
cal for the dilution of weak polyelectrolytes.

IR spectra of PAA, UO4(NO;), - 3H,0, and PAA
saturated with uranyl ions are presented in Fig-
ure 2. The complex spectra show that the car-
bonyl stretching absorption band of PAA at 1722
cm ! is shifted to 1730 cm ™! because of the com-
plexation of carboxyl groups with uranyl ions, and
a new band appears at 1749 cm .

It is clear that complex formation is accompa-
nied by the ionization of carboxylic groups of PAA.
When ionization takes place, resonance is possi-
ble between C—O groups in the COO™ groups. In
fact, an antisymmetric vibration band of COO™
appears at 1539 cm ™ '. The spectra of PAA in the
3000-3500-cm ! region exhibit two bands: a
band at 3353 cm !, attributed to hydrogen-
bonded hydroxyl groups (self-associated), and a
broad band at 3500 cm !, assigned to free hy-
droxyl groups.?®> However, upon complex forma-
tion, a new narrow band can be observed at
higher frequencies (3641 cm '), indicating the
presence of nonassociating OH groups of PAA
resulting from the disturbance of PAA/H,0 asso-
ciation by complexation with UO, ions.

It is known that free uranyl ions in aqueous
solutions are coordinated by five molecules of wa-

ter [UOy(H,0)5]1%".2* A comparison of the spec-
trum of pure PAA and the complex shows that
there is a broad peak of the stretching vibration of
O—H groups at 3180 cm ! for the complex, which
indicates the presence of water molecules coordi-
nated to the complex.?®

A new strong absorption band appearing at 934
cm ! in the polycomplex spectrum can be attrib-
uted to the complexed uranyl ions. Indeed, the
characteristic stretching band for the O—U—O
structure in uranyl ions has been observed at 948
em 126

A study of the emission spectra of uranyl-ion-
complexed PAA can yield important information
regarding the metal-ion-binding mechanism of
this polymer. All electrons in the strongly bound
O—U—O structure are paired. This means that
the ground electronic level is a singlet. To form
higher energy electronic states, one of the binding
electrons is transferred to a nonbonding 5f molec-
ular orbital of the uranyl ion. Thus, the emission
spectrum is the result of the transitions from the
first excited electronic level to the ground singlet
and the vibrational levels associated with the sin-
glet.?” The emission intensity of uranyl ions is
characterized by a shorter lifetime because coor-
dinated water molecules serve as efficient
quenchers of the luminescence.?® The emission
spectra of UOZ" aqueous solutions in the absence
and presence of PAA with different concentra-
tions under excitation at 310 nm are shown in
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Figure 3. Emission spectra of aqueous UO2" at different values of n = PAA on a
repeating unit basis/UOZ": (a) n = 2 and (b) n > 3 (\,, = 310 nm).

Figure 3. The peaks observed for UO2" aqueous
solutions without PAA, located at 499 and 517 nm,
and the shoulder at 540 nm are in good agreement
with the results of Moulin et al.>! When 7 is less
than 2, an increase in the emission intensity is
strongly related to the PAA concentration, and the
emission peaks shift to lower wavelengths [Fig.
3(a)] because of the coordination of UO2" ions by
PAA ligands. This can be explained by the expul-
sion of some of the water molecules coordinated to
uranyl ions by complex formation.'® The increase in
the PAA concentration is accompanied by signifi-
cant changes in the spectral shape with the appear-
ance of a new shoulder at 483 nm [Fig. 3(b)] until

the stoichiometric ratio reaches the value of n = 2
(PAA on a repeating unit basis/UOZ" = 2:1 mol/
mol). The formation of shoulders around the main
peaks of UOZ" has also been observed for the com-
plexation of uranyl ions with some «-substituted
carboxylic acids in the work of Moll et al.?® For
higher n values (PAA on a repeating unit basis/
UO2" > 4), however, a decrease in the emission
intensity has been observed, which can be explained
by the quenching effect of PAA in an excess of UO2*
complex stoichiometry with nondissociated groups
of the polyelectrolyte. Further studies on the com-
plexation of PAA with uranyl ions by luminescence
spectroscopy are in progress.
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Figure 4. TGA thermograms of (a) solid PAA, (b) solid uranyl nitrate trihydrate, and

(c) solid PAA/UO2" complex (n = 2).

The thermal behavior of the polycomplex in the
solid state was investigated with TGA and DSC
methods. Figure 4 presents TGA results for pure
PAA, uranyl nitrate trihydrate, and their com-
plex.

It is known that PAA has poor thermal stabil-
ity and is characterized by a two-stage degrada-
tion process [Fig. 4(a)]. The first stage starts at
180 °C and is due to intermolecular and intramo-
lecular anhydride formation with the consequent
decarboxylation process of free carboxylic and an-

hydride groups (31 wt % loss). The second stage
starts at 370 °C with a weight loss of 61% and is
accompanied by the degradation and decomposi-
tion of the polymer with eventual carbonization.
These data are in good agreement with the liter-
ature.3°

The weight-loss curve of UO4(NO;), - 3H,0 is
characterized by several stages of decomposition.
The first stage is between 80 and 205 °C [Fig.
4(b)] and is related to a gradual loss of water
molecules. The effective weight loss (25%) occurs
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at 240-350 °C and can be explained by NO, mol-
ecules being released and UO; being the final
product.!

The thermal decomposition of polymer—metal
complexes depends on the nature of the polymer
backbone and the type of metal ion.®'? Three
stages of decomposition have been observed for
the PAA/UO2" complex. The first stage occurs at

120 °C with a weight loss of 9% and is likely due
to the elimination of water molecules bound to
UO2* and water molecules released from anhy-
dride formation by unbound carboxyl groups of
PAA. The second stage starts at 293 °C and is
attributed to the decarboxylation process of car-
boxylate groups of PAA and UO, formation (11%
weight loss). The third degradation stage is sim-

Endo

50

100

200

Temperature, Oc

Figure 5. DSC thermograms of (1) PAA, (2) uranyl nitrate trihydrate, and (3) PAA/

UO2Z" complex (n = 2) in the solid state.
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ilar to pure PAA and is connected to the yielding
of complex degradation products. The residual
weight is about 48% and is due to the presence of
a UO4 product with high thermal stability. It is
important to note that the theoretical calculation
of the polycomplex water loss (8.72%) is in agree-
ment with the experimental data (~9%) and cor-
responds to the loss of two water molecules that
are coordinated by UO2". As the TGA results
show, the polycomplex decomposition includes
the main stages of PAA and uranyl nitrate trihy-
drate degradation.

Pure PAA, uranyl nitrate trihydrate, and its
complex were studied by DSC as well (Fig. 5).

2+
) SO H-O, U
\O_H ......... O¢
\Q— v

It has been found in the literature? that a low
molecular analogue of repeating units of PAA,
propionic acid, forms two types of complexes with
UO%": UO4(C,H5CO0), in the absence of water
and UO4(C,H,COO), - 2H,0 in the presence of
water. This is in good agreement with our pro-
posed structure. Our findings show that in the
PAA/UO2Z* complex structure, the coordination
number of uranyl ions is reduced to four, most
likely because of steric hindrance induced by the
polymer chain segments to which the complexing
carboxylate groups of PAA are attached.

CONCLUSIONS

We have attempted to understand the mechanism
of interaction between PAA and uranyl ions in
aqueous solutions and confirmed the restrictive
role of Coulombic interactions. It has been shown
that approximately 1 mol of uranyl ions is coordi-
nated by 2 mol of carboxylic groups of PAA. This
result is related to the conductivity, potentiom-
etry, and luminescence spectroscopy studies.

PAA shows a distinct glass transition at 106 °C.3?
T, for the PAA/UO3" polycomplex could not be
observed up to 120 °C, the onset of the first stage
of thermal degradation. 7', of the polycomplex is,
therefore, supposed to be higher than the degra-
dation temperature of the complex, and this is
indicative of a strong interaction between the ura-
nyl ions and PAA.

According to the results obtained so far, the
following mechanism of complex formation is
possible:

L0 O

~ SO
~O-H H;o/
uogt
Os
_O,C- +2H7

FTIR and thermal characterization studies per-
formed on complexes in the solid state have al-
lowed us to verify the strong electrostatic inter-
action between the uranyl ions and the pendant
groups of PAA.
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