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ABSTRACT: The ability of crosslinked poly(acrylic acid) gels to retain chromium species
was studied as a function of pH. Chromium retention was found to increase with pH
according to two mechanisms. In the low pH range where chromium species are soluble,
retention occurs via ion-binding in the whole volume of the gel. At higher pH where
insoluble chromium hydroxide particles are formed, retention comes from an adsorption
process at the surface of the gel. The desorption of chromium species under acidic
conditions was also investigated and found to be very dependent on retention mecha-
nism and aging time of the polymer—chromium complex. When retention occurs by
ion-binding, only partial desorption was achieved at very short aging time. In contrast,
a very fast desorption was observed when retention occurs via adsorption at the surface
of the polymer gel. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 72: 455—-466, 1999
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INTRODUCTION

An important problem of environment is related
to the decontamination of waste water polluted by
heavy metals such as zinc, copper, chromium, or
nickel. The processes commonly used today in
industry are mainly based on hydroxide precipi-
tation, which gives high volumes of sludge diffi-
cult to deal with."? Several more promising pro-
cesses are based upon the specific interactions
between ions and water swellable or soluble poly-
meric materials. The use of the ion—polyion inter-
actions is quite direct since one can profit from
the retention of cationic and anionic pollutants by
polyelectrolyte matrix of opposite charge.

The development of polymer-based materials is
parallel to a renewal of interest in the problem of
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the interactions between polyelectrolytes and
multivalent counterions in solution. The behavior
of charged polymers in the presence of monova-
lent counterions is at least qualitatively well un-
derstood through the Manning or Iwasa theories,
which predict ionic condensation when the charge
density of the polymer exceeds a critical value.®*
However, these theories fail to predict the various
phenomena observed in the presence of multiva-
lent cations, and due to specific interactions, such
as phase separation and gelation with or without
syneresis.*”'* Some progress was recently
achieved in order to rationalize these behaviors
according to the polymer and counterion proper-
ties, the ionic strength and the temperature, by
comparing synthetic and biological systems.'®
Theoretical approaches emerge, which are in
qualitative agreement with the observations.'5~*7
It turns out that most phenomena can be simply
explained by equilibrium laws ruling the binding
of the counterions on the polyions and by mini-
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mizing the corresponding free energy of the sys-
tem. The progress made on a fundamental point
of view should allow us to optimize the nature of
the materials of practical interest.

The swelling and deswelling of crosslinked
polyelectrolytes in the presence of complexing
ions were already the subject of several works and
the ability of small spherical particles of poly-
(acrylic acid) (PAA) gels to retain some multiva-
lent ionic species has been demonstrated.!®?!
However, to our best knowledge, there are few
systematic studies about the retention of various
counterions as a function of the driving parame-
ters (pH, ion concentration).

The goal of this article is to study the ability of
PAA particles to retain chromium ions and to
propose retention mechanisms. Experimental
conditions leading to the highest retention at
equilibrium as well as the swelling kinetics and
the equilibrium swelling of the PAA particles are
determined. The possibility of removing the ionic
species from the gel are also discussed.

EXPERIMENTAL

Materials

The PAA particles were prepared by polymeriza-
tion in reversed suspension by EIf Atochem.?? The
degree of crosslinking was controlled by addition
of 0.05% of bisacrylamide.

The chromium chloride from Merck of analyti-
cal grade was used without further purification.

Methods

The electrophoretic mobility and the particle size
of the chromium species were measured with a
MALVERN Zeta Sizer 3 apparatus, operating at a
wavelength of 633 nm. Aqueous solutions of CrCl,
were prepared in 3X distilled water. After 24 h of
solubilization, this solution was filtered on Dyna-
gard filters of 0.2 um of porosity. Then, the pH
was adjusted to the desired value by addition of
an aliquot of sodium hydroxide solution (1M),
which had also been filtered.

The residual amount of chromium species in
the supernatant was determined either by atomic
absorption using a Varian AA 30 spectrometer or
by UV spectroscopy after acidification at pH be-
low 1 using a Shimadzu UV 240 spectrometer.

An optical Zeiss Photo Mill microscope and a
scanning electronic microscope were used to

study the gel swelling. The PAA gel particles
which were swollen under various conditions (in
the presence or in the absence of salts) were dried
for 24 h at 40°C and then metallized.

The potentiometric measurements were per-
formed with a pH meter, Metrohm 605, using a
combined glass microelectrode. The PAA gels
were available under their sodium salt form. In
order to obtain their potentiometric titration
curve, they were transformed in PAA by addition
of a large excess of HCI, followed by a careful
rinsing and drying at 90°C for 12 h. They were
then equilibrated in 25 mL of pure water at a
concentration corresponding to 10 2M of carbox-
ylic functions.

PROPERTIES OF CHROMIUM SOLUTIONS

Polyion—counterion interactions depend on the
nature of the ionic species formed after dissolu-
tion of the salt in water. These species and their
relative proportions vary with the pH and the
concentration. The easiest method to determine
the amount of free ionic species in equilibrium
with the polymeric materials is the UV-visible
spectroscopy which requires knowing the spectro-
scopic properties of the aqueous salt solutions.

Distribution of the lonic Species

The distribution and the nature of the ionic spe-
cies in aqueous CrCl; solutions are governed by
different reactions and equilibria: (1) fast hydro-
lysis reactions associated with the following equi-
libria:

H,0 + M(OH),(H;0){",”"
=2 H* + M(OH),,,(H,0);,71"" (1)

with constants K, ,, m is the maximum charge of
the metallic ion, £ the hydration number equal to
6 for chromium. (2) solubility limit

m(OH)™ + M(H,0)f" = M(OH),,(H,0)s_,, (2)

with a solubility product Kg = 1073° (mol™%). (3)
Slow reactions of olation giving rise to the forma-
tion of hydrolytic oligomers and polymers. These
polynuclear compounds consist of a number of
metal ions with hydration molecules connected by
“0]1” bridges. For example, the tetravalent binu-
clear species of chromium is
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which can be formed either by reaction of
Cr(H,0)3* and Cr(OH),(H,0); with elimination
of two water molecules or by reaction of two
Cr(OH)(H,0)". The general formula of these
polynuclear species is [My(OH)x(H20)£;3y3":x’“)+ and
their formation is associated with a constant K, .

Tonic species of chromium with polymerization
degree up to 100 have been identified.?®> The
structure and properties of the oligomers are well
described. They are characterized by a slow rate
of formation and dissociation.?3-2%> However, the
equilibrium and rate constants are not well
known and for long aging time of chromium chlo-
ride solutions, the exact distribution of the mono
and polynuclear species is difficult to calculate.
We have used, in most cases, freshly prepared
solutions. It is important to keep in mind that the
charge of the dimer, trimer and tetramer is 4, 5,
and 6, respectively.

Figure 1 gives the solubility limit of CrCl,
and shows the distribution of the mononuclear
ionic species (Cr(H,0)3*, Cr(OH)(H,0)2", and
Cr(OH),(H,0);) in fresh solutions. The pH of the
solutions and consequently the fractions of triva-
lent or bivalent species decrease when the chro-
mium concentration increases (Fig. 1).
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Figure 1 Solubility limit of CrCl; () and distri-
bution of the mononuclear species in a freshly pre-
pared solution: Cr(H,0)i* (#), Cr(OH)(H,0)2" (m),
Cr(OH),(H,0); (@).
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Figure 2 Concentration dependences of the extinc-
tion coefficients of CrCl; solutions at A = 415 nm (0J), A
= 580 nm (O), and pH (m).

Spectroscopic Properties of the Chromium
Solutions

The UV-visible spectra of the aqueous solutions of
CrCl; are characterized by three absorption max-
ima at A = 580, 415, and 265 nm. At 415 nm, the
extinction coefficient ¢ decreases when the con-
centration of chromium increases (see Fig. 2),
while & remains approximately constant at A
= 580 nm. Such a behavior is not surprising since
in aqueous solutions of variable concentration at
their own pH, the distribution of ionic species is
different. When the concentration decreases, the
nature of the chromium ion ligands is changed.
The hydration molecules are replaced by hydroxyl
groups of higher binding strength, resulting in an
increase of the extinction coefficient. Finally, as
seen from the comparison of atomic absorption
and UV spectroscopy measurements, whatever
the initial pH of the chromium solution (even if it
corresponded to the insolubility range), it was
possible to determine the Cr amount by measure-
ments at 575 nm after lowering the pH to 1.
Under such conditions, the extinction coefficient
is 126 mol 'L 1 em 1.

Size and Charge of the Chromium Hydroxide
Particles

Since the formation of chromium hydroxide oc-
curs at relatively low concentration and pH (see
Fig. 1), it was important to verify whether the
chromium hydroxide particles are completely un-
charged or partially charged, as demonstrated for
aluminum hydroxide.® For this purpose, we used
a Zeta Sizer, which provides the electrophoretic
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mobility w, of the particles and their average
charge @,; it allowed us also to determine the
average hydrodynamic radius R; and the poly-
dispersity index PI. For freshly prepared solu-
tions of CrCl;, the following results were obtained
at pH 6.1 and for a chromium concentration,
510 3M.

Ry, =78 nm
PI=0.24

w,=2.610*cm?s V!
Q.=5.72 107 C

The value of PI indicates a rather broad distribu-
tion of the particle size but we have no direct
information about their shape. Even if the value
of @, which was however calculated assuming a
spherical shape is an approximation, it can be
concluded that the hydroxide particles maintain a
residual positive charge even for pH much higher
than the solubility limit. One can roughly esti-
mate from the above value of @, that 3% of the
chromium atoms carry one charge.

We have investigated the variations of the size
and charge of Cr(OH); with the aging time of the
solution. The electrophoretic mobility of the par-
ticles for 6 days of agingis 3.1 X 10 *cm?s 1V 1
while the size remained unchanged, which means
that the average charge increases. The inverse
effect has been observed for the aluminum hy-
droxide.® In the case of CrCl; solutions, the initial
pH was 6.1 but it decreased down to 5.7 after 6
days. This favors the formation of oligomeric spe-
cies of higher charge to the detriment of the hy-
droxide.

PAA PARTICLES

Potentiometric Titration

It is well known that the constant K, of polyacids
dissociation,

R—COOH =R - COO™ + H" (3)

is not a constant like that of monomeric weak
acids, but depends strongly on various parame-
ters2® such as the charge density and the concen-
tration of the polymer as well as the ionic
strength of the solution. In the case of a linear
polyacid in aqueous solution, its pK,, is related to
an electrostatic interaction term AG,:
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Figure 3 Potentiometric titrations of PAA particles
(O) and linear PAA (@).

e

pK, = pK, + 0.434 BT

(1)

Mandel?” has proposed to express pK,, as a poly-
nome in «, the ionization degree of the acid
groups. There are few data on the potentiometric
titration of PAA gels. It was important, however,
for the present article to control the « values as a
function of pH.

A commercial sample of linear PAA (mol wt = 4
X 10°) was studied under the same conditions for
comparison. Figure 3 shows that the potentiomet-
ric curves can be superimposed. Nevertheless, the
time required for the stabilization of the pH val-
ues after each addition of titrant aliquot is much
longer for the gel particles (10 min) than for the
linear PAA (10 s), as expected because of the slow
diffusion of the titrant in the gels.

Size of the Particles in the Dried and Swollen
States

Photo 1 shows the electronic micrographs of PAA
particles which had been swollen in distilled wa-
ter at 1 g/l beforehand, then dried and metal-
lized. They are spherical, their surface is smooth,
and their average radius is ~ 50 um.

The swelling of a particle in pure water was
followed by optical microscopy. A maximum com-
plete swelling is obtained in 3 min. An increase of
the radius by a factor of 7 compared to the dried
state is observed at pH 4. Under these conditions
the volume fraction of the polymer in the particle
is < 0.002.



Photo 1 Electronic microscopy: PAA particles dried
and metalled after swelling in water.

RETENTION OF THE CHROMIUM SPECIES

Due to the complexity of the systems, a perfect
control of the method used to mix the PAA parti-
cles with the salt solutions was needed. Not only
the absorption kinetics and the swelling and de-
swelling of the particles were found to vary with
the method used, but also the chromium retention
at equilibrium.

Several mixing methods were examined: (1)
dried particles of PAA are added to the salt solu-
tions. In this case, the pH stabilizes after a given
time at intermediate values between the pH of
the salt solution (low pH) and that of the PAA
suspension (neutral pH) (method 1). (2) Dried par-
ticles are added in the salt solutions whose pH
was adjusted beforehand. The pH also increases
to reach an equilibrium but with smaller incre-
ments (method ii). (3) PAA particles are first swol-
len in water at the same pH as the salt solution,
and after filtration they are then added to the salt
solution. In this case, very small changes of pH
are observed (method iii).

In each case, we either kept constant the con-
centration of the PAA particles (typically 1 g/L)
and increased the salt concentration or added suc-
cessive amounts of particles to a salt solution of a
given concentration.

Degree of Retention at Equilibrium

For this study, we consider separately the behav-
iors observed when the initial pH of the salt so-
lutions is lower or higher than the solubility limit
of chromium (see Fig. 1).
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Table I Final pH of CrCl; Solutions of Various
Initial pH and Chromium Concentrations and
in Contact with 1 g/L. of PAA Particles as a
Function of the Initial pH

Chromium
Concentration
(ppm) 16 48 167
Initial pH
1 1.2 1.3 2
2 2 3.9 3.2
3 3.6 4.5 3.7
4 6.9 5.6 59

Inside the Solubility Range

Table I shows the shift of pH observed with
method (ii) at different concentrations of chro-
mium (Cy) and 1 g/l of PAA particles. As ex-
pected, when method (iii) is used this shift is
negligible. In Figure 4, we compare the variation
of the percentage of residual chromium (with re-
spect to its initial concentration) R, versus pH as
obtained by using methods (ii) and (iii), for a
polymer concentration of 1 g/L. R, decreases
when pH increases for each chromium concentra-
tion. This is qualitatively consistent with the in-
crease of the concentration of dissociated carbox-
ylate groups, and as explained below can be un-
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Figure 4 Variation of the fraction of residual chro-
mium versus pH for 1 g/L of PAA particles; (method ii):
initial chromium concentration C; = 167 ppm (@), 48
ppm (m), 16 ppm (A); (method iii) Cy; = 520 ppm (O).
The lines correspond to the values calculated as de-
scribed in the Discussion for C; = 16, 48, 167, and 520
ppm, from the bottom to the top.
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Figure 5 Variation of the fraction of residual chro-
mium versus the amount of PAA particles; constant pH
= 3.4 (method ii) (A); 4.5 < pH < 5.4 (method 1) (O0).
The lines correspond to the values calculated as de-
scribed in the Discussion.

derstood in terms of simple equilibria between
these groups and the various soluble chromium
species. In Figure 5, we represent the variations
of R, for a given initial concentration of chro-
mium (520 ppm, 0.01M) and different concentra-
tions of particles, for two different experiments.
In the first one, the pH was adjusted at 3.4 by
using method (iii) while in the second one, the
equilibrium pH varies from 4.3 to 5.4, the mixture
being prepared according to method (i). This re-
sult confirms that the increase of pH favors the
chromium absorption, as known for other cat-
ions.'® From the measurements performed with
method (ii), we can determine the minimum pH
which yields a residual chromium concentration
lower than that allowed by the international laws
(3 ppm) as a function of the initial salt concentra-
tion, C;, for 1 g/L of particles. We find 4, 4.5, and
5.5 for C, = 16, 47, and 167 ppm, respectively.
Under the same experimental conditions, this
limit may be reached for a pH of ~ 6.3 when C,; is
equal to 520 ppm.

In Figure 6, we report the variations of the
ratio X = [Cr],/[COO], as a function of pH for
various experiments. [Cr], is the molar concen-
tration of absorbed chromium and [COO], is the
total molar concentration of carboxylate groups.
In the simplest hypothesis where only the mono-
nuclear species are considered, one may write
that the system is governed by equilibria of the

type:

Cr(OH),(H,0){" »" + (m — p)COO™ =
Cr(OH),(H,0);_,CO0,,_, (4)

One should expect the formation of complexes
with a number of chromium per carboxylate vary-
ing from % to 1 when pH increases, by considering
the distribution of the mononuclear species
shown in Figure 1. By assuming that the chro-
mium binding induces a complete shift of the
ionization equilibrium of the carboxylate groups,
we can evaluate the value of X. For pH between 6
and 7 where only monovalent chromium species
are present, the maximum values of X (all chro-
mium-bound) calculated with these assumptions
are 0.03, 0.09, 0.31, and 0.98 for C; = 16, 48, 167,
and 520 ppm, respectively. These values must be
compared with the experimental ones: 0.04, 0.08,
0.32, and 1, and a reasonable agreement with
both sets of values is obtained. It must be pointed
out that if small amounts of oligomeric chromium
ions (degree of oligomerization N,) are present,
the ratio X is expected to be < 1 since their charge
is equal to (N, + 2). At very low pH, the X values
are expected to be 3 times lower than at higher
pH since the trivalent chromium species are pre-
ponderant. The experiment leads to X values sig-
nificantly lower, which indicates that the binding
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Figure 6 Variation of the ratio X = [Cr],/[COO], in
the particles after equilibrium versus pH for 1 g/L of
PAA particles; the pH is that at equilibrium. —pH
< solubility limit (method ii) (same experiments as in
Table 2), Cy; = 167 ppm (X), 48 ppm (O), 16 ppm (A);
(method iii); C; = 520 ppm (). —pH > solubility limit
(method ii) C; = 240 ppm (@) (in this last case, the pH
is the initial one of the salt solution).



constant of chromium is not high enough with
respect to K, and that carboxylic acid functions
remain present. The results obtained by adjusting
pH at values lower than the solubility limit seem
qualitatively reasonable when taking into ac-
count the properties of the compounds already
described. We will try to give a more quantitative
description of the phenomenon in the Discussion.

Outside the Solubility Range

If we use method (ii), starting from a turbid and
colored CrCl; solution, (pH 6 at C; = 260 ppm)
and add dried PAA particles, for the first 10 min
of contact the particles swell and appear very
colored while the supernatant becomes uncolored
and transparent. Despite the fact that the main
species of chromium at such pH is, theoretically,
the uncharged hydroxide, there is a strong inter-
action with the PAA particles. This can be ex-
plained through our previous electrophoresis
measurements which indicate the presence of re-
sidual positive charges on the hydroxide particles.
Thus, the percentage of residual chromium, R,
in the supernatant is low and after 1 h of contact,
with a freshly prepared CrCl; solution, stabilizes
at < 8%. Moreover, we studied the influence of
the aging time £, of the salt solution before mixing
with the PAA particles. For ¢, equal to 50 min,
44 h, and 13 days, the values of R, were 8, 5, and
3%. This result is consistent with the previous
observation of an increase of the particle charge
with the aging time. Since aging is also accompa-
nied by a decrease of pH, this does not necessarily
mean that the retention should increase at con-
stant pH. To elucidate this point, we prepared
different CrCl; solutions outside the solubility
range of the same C; but of different pH and with
different amounts of PAA particles. The mixtures
were stirred for 1 h. In all the cases the particles
settle rapidly but with or without absorbed hy-
droxide particles, depending on the experimental
conditions. Table II summarizes these observa-
tions. The pH above which settling occurs is a
decreasing function of the PAA concentration,
and the settling is very sensitive to the pH.
Figure 6 shows that parameter X is much
higher for 1 g/Li of polymer than that would be
obtained for a same salt concentration at lower
pH. This clearly demonstrates the importance of
the initial state of the salt solutions and of the
method of preparation of the mixtures. The high
value of X is not really surprising, since the in-
teractions occur between particles and hydroxide
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Table II Settling (+) or no Settling (—) of PAA
Particles with Adsorbed Chromium from a
Solution of CrCl; (260 ppm) at Different pH

in the Presence of Various Amounts

of PAA Particles

PAA Particles pH pH pH pH
(g/L) = 5.6 =5.75 =59 =6.2
0.05 -
0.1 - +
0.2 — — + +
0.3 +
0.4 - + +
0.5 +
0.6 + +
0.8 + +

particles of high degree of aggregation number. A
rough evaluation using the results of the electro-
phoresis measurements should indicate that at
pH ~ 6 the neutralization of the particles by the
chromium hydroxide may occur for 15 chromium
atoms per ionized carboxylate function. This is
approximately three times the experimental
value of 4.9 observed for pH = 6.2.

SWELLING OF PAA PARTICLES IN THE
PRESENCE OF CHROMIUM SALTS

The swelling of a PAA particle was followed by
optical microscopy when immersed in a drop of a
CrCl; solution (123 ppm or 2.4 X 10 3M) at two
different pH, below and above the solubility limit.
Under these conditions, the approximate concen-
tration of PAA is 0.02 g/ (~ 2 X 10~ % mol/L)
which corresponds to a large excess of chromium
ions with respect to the carboxylate groups. The
variation with time of the ratio V,/V, (where V, is
the volume of particle at time ¢ and V,; is the
initial volume of the dried particle) are reported
in Figure 7. The behaviors obtained for pH 4 and
pH 6 are very different. While in the first case the
volume passes through a maximum and de-
creases slightly all the way to its equilibrium
value, in the second case it increases continuously
and stabilizes for a ratio equal to 300. In pure
water the ratio reaches a value of ~ 380. We
reported in the same figure the results obtained
with a solution of copper chloride at the same
concentration as that of CrCl; and at pH 4. The
swelling and deswelling kinetics differ signifi-
cantly from that observed with chromium. In the
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Figure 7 Swelling of a PAA bead expressed as V,/V;
(see text) as a function of time in a CrCl; solution (123
ppm) at initial pH 4 (@) and pH 6 (m) and in a solution
of CuCl,, of the same molar concentration (O).

case of copper, after a first phase of swelling (for
~ 1 min), the volume of the particle decreases and
tends toward a value approximately twice as high
as that of the dried particle. Since at pH 4 copper
is mainly present in aqueous solutions under the
form of bivalent ions Cu(H,0)2", one expects that
PAA particles contain mainly complexes of the
type COO,Cu(H,0)4 and undissociated carboxylic
groups. As a consequence, their charge goes down
to zero, resulting in a low swelling at equilibrium.
The observed volume increase corresponds to the
additional volume of the hydrated bound copper
ions, which suggests that the ion binding occurs
with an almost complete syneresis effect.

In the case of chromium, Figure 1 shows that
at pH 4, half of the chromium is under the form
Cr(H,0)3* and the other half under the form
Cr(OH)(H,0)2". With such a large excess of chro-
mium, a complete neutralization of the carboxy-
late groups and an almost complete deswelling of
the particles were also expected. The experiments
show that the particles remain partially ex-
panded and this may be attributed to differences
in the mechanism of complexation which modifies
the diffusion of the ionic species inside the gel. In
this respect, it must be pointed out that copper
ions generally induce phase separation and chain
collapse with polycarboxylic acids (at least for
synthetic polymers), while addition of chromium
salts can provoke gelation without a syneresis
effect.

The behavior of the particles in the presence of
CrCl; at an initial pH higher than the solubility
limit is completely different. While the amount of
chromium absorbed is much higher at this pH

than at lower pH, the particles keep almost the
same degree of swelling as in pure water. The
presence of a dark layer at the surface of the
particles was observed by optical microscopy.
This suggests that a large fraction of the chro-
mium is adsorbed at the surface of the particle
and does not penetrate inside.

In order to confirm these different behaviors,
we have observed by electronic microscopy the
particles after contact in pure water (Photo 1),
and CrCl; solutions at pH 4, 8, and 6. (Photo 2).
The aspect of the particles after adsorption of
hydroxide at pH 6 clearly suggests the presence of
particles at the surface. These investigations con-
firm the conclusions drawn from the optical mi-
croscopy observations.

DESORPTION OF THE CHROMIUM
SPECIES

From a practical point of view, it is important to
know whether the materials used to eliminate
pollutant ions can be easily regenerated and con-
sequently whether they are able to release the
ions. We have examined three possibilities in or-
der to obtain this regeneration. The first one was
based on the fact that negatively charged chro-
mium species such as Cr(OH),(H,;0), are formed
in basic aqueous solutions of CrCl; at pH > 8. One
could hope that an increase of pH would progres-
sively induce a chromium release by electrostatic
repulsion from the particles. The particles with
chromium absorbed at equilibrium were put in
solutions of sodium hydroxide (1M); no release
was observed after several days.

Then, we put the particles in a solution of
EDTA whose complexation constant with chro-
mium is known to be very high. We had observed
that if a strongly complexating molecule such as
citrate is present in the chromium solution in
equilibrium with the PAA particles, no adsorption
of chromium by the particles occurred. However,
no desorption of chromium was observed after
14 h. The binding of the ionic species appears
irreversible, at least at time scales of practical
interest. This will be confirmed below.

The third method we examined consists of add-
ing an excess of chlorhydric acid in order to shift
the ionization equilibrium of the PAA and elimi-
nate the electrostatic interactions responsible for
the chromium binding. The results are presented
below and again, we must distinguish the cases of
pH lower or higher than the solubility limit.



Inside the Solubility Range

Inside the solubility range we have to consider (1)
the contact time ¢, between the particles and the

(b}

()

RETENTION OF CHROMIUM BY PAA GELS 463

5100

E o les g = 2| .

25 148 ASl,o o5 S 4 2
© < N o v d < 3
E oo T I < S
g = I

=) 50 = L=l = ! ey * "H [
Al i S e
=

&5 | t,=1h ta=3h t,=24h t,=>5 days
-]

g

20

100

~J
L

b

percentage of residual chromium
h
=]

1|
o
(I + + 7
AR LR RN RN
=1 . b e <« i @0
v-:lll‘gll\l"c f—m @& o o \D.\O.'UW-,
25 e, o i len o les |— +]| o loja
LR N AT il 1"'"!"'"
N L la—v PSR I e
0 1
ta=1h. ta=3 days ta = 10 days

Figure 8 Release experiments with 1 g/L. of PAA
particles: the percentage of residual chromium after a
time ¢, of contact with the CrCl; solution is represented
by the horizontal lines. The percentage after treatment
in the presence of HCl during a time ¢, (indicated
vertically) is represented by (@) for freshly prepared
solutions, by (O) and (+) for solutions aged 2 and 13
days, respectively. CrCl, solution (260 ppm) at initial
pH 3.3 (Fig. 8a of the top) and pH 6.2 (Fig. 8b of the
bottom).

CrCl; solution (adsorption time), and (2) the con-
tact time ¢, during which the particles remain in
the HCI solution (release time).

After time ¢,, the degree of retention is deter-
mined as described above and the pH of the solu-
tions containing PAA particles is lowered down to
1 by adding HCI. After a time ¢,, the supernatant
of these solutions is filtered on a 0.2 um filter and
the residual chromium concentration is deter-
mined by UV spectroscopy. The results are given
in Figure 8(a) for an initial chromium concentra-
tion of 260 ppm and a pH of 3.3. The degree of
retention depends slightly on ¢,. Under these ex-
perimental conditions, the percentage of bound
chromium varies from 48 to 58% of the initial
chromium concentration when ¢, increases from

Photo 2 Electronic microscopy: PAA particles dried
and metalled after swelling in a CrCl; solution 4.8
X 1073M at pH 4, 8, (a) and pH6 (b, c).
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1 h to 5 days. The percentage of released chro-
mium is strongly dependent on ¢, and varies only
slightly with ¢,. It is indeed possible to partially
regenerate the particles if ¢, is below or equal to
1 h. For t, = 5 days, the amount of released
chromium is negligible. It seems that the absorp-
tion of chromium ions proceeds in two steps: in a
first step, the major part of the chromium is
bound within the superficial layers of the parti-
cles probably only by electrostatic interactions.
Thus, if the particles are added to an HCI solu-
tion, the binding is reversible. In a second step,
the chromium ions diffuse into the gel and conse-
quently there is a collapse of the particles, as seen
in Figure 7. This liberates some superficial car-
boxylate sites which are then able to bind addi-
tional chromium ions. Moreover, it is known that
the complexation of chromium on the carboxylate
groups is a slow phenomenon and at the same
time that diffusion occurs, stable complexes form
and HCI becomes inefficient.

Outside the Solubility Range

The same experiments were carried out with a
CrCl; solution of the same concentration but at a
pH much higher of 6.3. Here, we consider not only
t, and ¢, as parameters but also ¢, the aging time
of the chromium solutions. The particles were
able to absorb 100% of the chromium whatever
the time ¢,. Figure 8(b) shows that the release of
chromium is always much more important in this
case. The contact time of the particles in the CrClg
solution is an unfavorable factor for the percent-
age of release, but ¢, has relatively small influ-
ence on the results. This confirms that when the
particles are in a CrCl; solution outside its solu-
bility domain, the chromium absorption is very
high, but since the fixation is probably a surface
phenomenon, the release is easy to obtain.

DISCUSSION

Finally, our observations can be summarized by
the model of Figure 9, which schematizes the
steps of the interactions between chromium spe-
cies and PAA particles. The important factor is
the initial pH of the chromium salt solutions. At
pH below the solubility limit, electrostatic bind-
ing and complexation of mononuclear (and per-
haps oligomeric) chromium take place. The swell-
ing results from two antagonistic phenomena,
namely the PAA hydration and the carboxylate

| inside the solubility domain | | outside the solubility domain|

Figure 9 Scheme of the interactions between PAA
particles and chromium ionic species versus time of
contact.

groups complexation, and the kinetics cannot be
simply interpreted. On the other hand, at equilib-
rium, one can expect that the amount of absorbed
chromium can be calculated by taking into account
the various equilibria governing the system: the
ionization equilibrium of the carboxylic groups,? the
hydrolysis equilibria of chromium ions,! and the
three main binding equilibria.®> We have only con-
sidered the formation of fully neutralized com-
plexes: Cr(H,0);CO0O;, Cr(OH)(H,0);CO0,, and
Cr(OH),(H,0),CO0. Neither the other charged
species such as Cr(H,0);COO; or Cr(H,0);CO0>",
nor the complexes which may be formed from oligo-
meric chromium species, are considered. The sys-
tem can be reduced to two equations

[COO][H'] [COO][Cr']

[COO] + id + K.

[COOP[Cr**] _ [COOP*[Cr**]
+2 +3 =

K12 K13 Cp (2)
with
o KalCr] L KaKo[Cr]
[Cr?] :W’ [Cr™] —W,
[COO][H"]
[COOH] = K 3)



and

K, - K,[Cr**][COO]

3+
[CI' ] KH[H+]2

Kcl KcZ :|
mH1 TmEeET

K,[Cr**][COO0]?

, [ericoo ) _
KIZ [H+] K13

= Cs (4)

where [Cr®*], [Cr®**], and [Cr'] are the molar con-
centrations of the ions Cr(H,0)3 ", Cr(OH)(H,0)z",
and Cr(OH)y(H,0);, [COO~] and [COOH] the mo-
lar concentrations of the ionized and acid carboxylic
groups. The ionization constant of PAA was taken
equal to that of PAA at & = 0.3 X 1075 mol 1. As
explained above, K, varies with « but in the case
where the chromium binding is important, « is ex-
pected to slightly increase. This approximation will
be discussed later. The values of K_; and K, were
taken from refs. 22-25; they are respectively equal
to 1.6 X 10 * and 1.5 X 10~ ¢ mol 1.

The molar concentrations of the complexes can
be deduced from:

[CrT][COO0]

~[Cr*1[C00 T
[crcoo] K

[crcoo,] K

[Cr**][COO]?

[crcoo, ~ Ku ®
[CrCOO0], [CrCOO,], and [CrCOO4] are the molar
concentrations of the complexes Cr(OH)y(H,0),-
COO, Cr(OH)(H,0)5;C00,, and Cr(H,0),CO0,, re-
spectively.

Figures 4 and 5 show that a reasonable agree-
ment with the experimental results can be ob-
tained with

Kll = 1073 mol, K12 = 1076 molz,
and K;3 = 8 X 10 " mol®

Such values are only approximate because of the
limited number of experimental points. However,
it seems possible to predict the order of magni-
tude of the residual chromium as a function of the
initial chromium concentration and the amount of
PAA particles. Figure 10 shows in a particular
case (1 g/L of PAA particles and molar concentra-
tion of chromium 0.0032M) the variation of the
distribution of the different charged and un-
charged species versus pH. It appears that the
main species is the complex Cr(OH)(H,0)5COOQ.,,
The fraction of Cr(H,0);COO; is always lower
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Figure 10 Distribution of the different species calcu-
lated as described in Discussion.

than 1% and is not represented. Under such con-
ditions, the ionization degree of the carboxylate
groups reach nonnegligible values and the hy-
pothesis that K, is constant is not justified. If its
decrease when « increases was taken into ac-
count, the fraction of complexes would be lower
than shown in Figure 10. When the concentration
of PAA is low (as compared to the chromium con-
centration), the formation of complexes will be
favored and the hypothesis will then be more
correct.

CONCLUSION

The interactions of PAA particles with chromium
species in aqueous solutions have been investi-
gated as a function of the initial pH of the chro-
mium solution. This parameter affects both the
chromium retention in the PAA particles and its
release under acidic conditions. Two different
mechanisms have been identified according to the
solubility of the chromium species.

At pH below the solubility limit, interactions
between the carboxylate groups and mononuclear
ionic chromium ions occur, and formation of com-
plexes take place which appear irreversible at the
time scale used in this work. When pH increases,
the fraction of bound chromium at equilibrium
increases and a deswelling of the PAA particles
results from the decrease of their average charge.
The chromium ions can be assumed to diffuse in
the whole volume of the particles and to interact
with the almost totality of the carboxylic groups.
It is possible to predict the degree of ion retention
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by simply considering the complexation equi-
libria.

At pH above the solubility limit, chromium hy-
droxide species which have a residual positive
charge and dimensions close to 100 nm are the
main species present in solution. Interactions
with the PAA particles occur with a much higher
chromium retention than at lower pH, and at
equilibrium, the swelling of the PAA particles is
about the same as in pure water. The chromium
desorption under acidic conditions is almost com-
plete and fast. These results suggest that the
hydroxide chromium species are not complexed
within the PAA particles but only adsorbed at
their surface due to electrostatic interactions.
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