
Subscriber access provided by UNIV DENIS DIDEROT

Langmuir is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Research Article

Precipitation−Redispersion of Cerium Oxide Nanoparticles
with Poly(acrylic acid):  Toward Stable Dispersions

A. Sehgal, Y. Lalatonne, J.-F. Berret, and M. Morvan
Langmuir, 2005, 21 (20), 9359-9364 • DOI: 10.1021/la0513757

Downloaded from http://pubs.acs.org on November 22, 2008

More About This Article

Additional resources and features associated with this article are available within the HTML version:

• Supporting Information
• Links to the 9 articles that cite this article, as of the time of this article download
• Access to high resolution figures
• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://pubs.acs.org/doi/full/10.1021/la0513757


Precipitation-Redispersion of Cerium Oxide
Nanoparticles with Poly(acrylic acid): Toward Stable

Dispersions

A. Sehgal,*,† Y. Lalatonne,† J.-F. Berret,*,‡ and M. Morvan†

Complex Fluids Laboratory, CNRS-Cranbury Research Center Rhodia Inc.,
259 Prospect Plains Road, Cranbury, New Jersey 08512, and Matière et Systèmes Complexes,
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We exploit a precipitation-redispersion mechanism for complexation of short chain polyelectrolytes
with cerium oxide nanoparticles to extend their stability ranges. As synthesized, cerium oxide sols at pH
1.4 consist of monodisperse cationic nanocrystalline particles having a hydrodynamic diameter of 10 nm
and a molecular weight of 400 000 g mol-1. We show that short chain uncharged poly(acrylic acid) at low
pH when added to a cerium oxide sols leads to macroscopic precipitation. As the pH is increased, the
solution spontaneously redisperses into a clear solution of single particles with an anionic poly(acrylic acid)
corona. The structure and dynamics of cerium oxide nanosols and their hybrid polymer-inorganic complexes
in solution are investigated by static and dynamic light scattering, X-ray scattering, and chemical analysis.
Quantitative analysis of the redispersed sol gives rise to an estimate of 40-50 polymer chains per particle
for stable suspension. This amount represents 20% of the mass of the polymer-nanoparticle complexes.
This complexation adds utility to the otherwise unstable cerium oxide dispersions by extending the range
of stability of the sols in terms of pH, ionic strength, and concentration.

I. Introduction

Critical emerging nanomaterials utilize not only the
chemical composition but also the size, shape, and surface
dependentpropertiesofnanoparticles innovelapplications
with remarkable performance characteristics. Smaller
than the wavelength of visible light, these nanoparticles
have an important role in a broad range of applications
in materials science and in biology.1,2 In material science,
they are used in catalysis or as precursors for ceramics
and electrooptic devices. In biology, magnetic nanopar-
ticles provide contrast in magnetic resonance imaging,3-5

and fluorescent quantum dots can be used for biomedical
diagnostics6-8 and cell imaging.9,10 To translate intrinsic
properties of nanoparticles to different uses, there is a
need for a robust means to stabilize nanoparticle disper-
sions in aqueous media in a variety of processing condi-
tions.

Metal oxides form a class of special interest among
inorganic nanoparticles. Some primary examples are

oxides of cerium,11-15 iron,4,5,16-19 or zirconium.20-24 Aque-
ous dispersions of such metal oxide particles exhibit some
common properties: (i) the particles have an ordered
crystalline structure, (ii) the sols are typically synthesized
in extremely acidic (or basic) conditions, and (iii) the
particles are stabilized by electrostatics and are extremely
sensitive to perturbations in pH, ionic strength and
concentration that may dramatically modify their ther-
modynamic stability.1,11,20,21,25-29 Destabilization may re-
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sult from the high surface-to-volume ratio for these
particles and from the strong reactivity of the surface
chemical sites to physicochemical changes.

The general limitation for utility of these nanoparticles
remains that of their colloidal stability. There are several
low-molecular weight molecules that are able to deal
efficiently with this issue. These molecules called dis-
persants, ligands, or peptizers serve their role to modify
the interactions between nanocolloids through adsorption
on the surfaces.20-23,30,31 The adsorbed molecules result in
additional steric or electrostatic barriers for stable sols.
For the class of metal oxides above, some of the well-
known low-molecular weight molecules are citric acid21

and poly(acrylic acid) (PAA).20 These polyfunctional
molecules, three carboxylic acids (COOH) in the case of
the citric acid and one COOH per monomer for PAA, form
complexes with the surface hydroxyls of the nanocrystals.
In many examples however, adding dispersant is not
sufficient and the redispersion is ensured by mechanical
methods such as shear and high-energy ultrasound.30,31

In this study, we address the issue of the adsorption and
of the complexation between 10 nm cerium oxide nano-
particles and short PAA chains (molecular weight 2000
g‚mol-1). We demonstrate that we may extend the range
of pH and concentration stability of cerium nanosols
considerably by irreversibly adsorbing weak polyelectro-
lytes on the surface. This process defined as the precip-
itation-redispersion (P-R) phenomenon and does not
require mechanical stimulation.

II. Experimental Section
The cerium oxide nanoparticles (F ) 7.1 g cm-3) suspen-

sions were synthesized as cationic fluorite-like nanocrystals in
nitric acid at pH 1.4. The synthetic procedure involves thermo-
hydrolysis of an acidic solution of cerium-IV nitrate salt Ce(NO3)4
at high temperature, resulting in homogeneous precipitation of
a cerium oxide nanoparticle “pulp”.32 The size of the particles
was controlled by the excess of hydroxide ions added during the
thermohydrolysis. The “pulp” contains relatively monodisperse
particles that redisperse spontaneously (peptization) on dilution.
The cerium oxide dispersions were first characterized with respect
to their ionic strength. For pH 1.4 nanosols, the ionic strength
arises almost exclusively from the residual nitrate ions. The ionic
strength was found to be 0.044 M, with a Debye screening length
λD ) 1.47 nm with the usual definition by the DLVO formalism.33

All cerium oxide nanoparticle batches investigated in this work
were thoroughly characterized by light and X-ray scattering
experiments. Static and dynamic light scattering were performed
on a Brookhaven spectrometer (BI-9000AT autocorrelator,
incident wavelength λ ) 488 nm) for measurements of the
Rayleigh ratio R θ(c) and of the collective diffusion constant D(c)
where c is the mass fraction of cerium oxide.34 The Rayleigh ratio
measured as a function of the concentration, yielded a weight-
average molecular weight Mw () 400 000 g mol-1) of the
nanoparticles. The collective diffusion coefficient D(c) was
measured in the range c ) 0.01-10 wt. % and the hydrodynamic
diameter DH ()9.8 ( 0.2 nm) was evaluated from zero concen-
tration extrapolation. For the nanoparticles at pH 1.4, the
polydispersity index was estimated by cumulants analysis to be
0.1.

Wide-angle X-ray scattering (WAXS) was utilized to confirm
the crystalline structure of the nanocrystals. WAXS was per-
formed at scattering angles between 10 and 65° and revealed the
5 first crystallographic orders of the fluorite structure (of

symmetry Fm3hm), which is the structure of cerium oxide.14,35

The small-angle X-ray scattering (SAXS) experiments were
carried out at the Brookhaven National Laboratory on the X21
beam line at the incident wavelength 0.176 nm and sample-to-
detector distance 1 m, to cover the wave-vector range 0.008-0.5
Å-1. The X-ray scattering data allowed estimation of the radius
of gyration RG () 3.52 ( 0.02 nm) of the particles. We recall that
for monodisperse and homogeneous spheres of radius R, R ) RH
(hydrodynamic radius) ) 1.29RG. Here, for the ceria nanopar-
ticles, we find RH/RG ) 1.39, a result that can be explained by
the polydispersity in size of the particles. Investigated with high
resolution transmission electron microscopy, the nanoceria were
found to consist of isotropic agglomerates of 2-5 crystallites fused
together. Each sub-crystallite have an average size of 2 nm and
facetted morphologies, resulting in an overall diameter of 10
nm.11,12 In this work, it was checked that the structural properties
of the cerium particles at the nanometer scale did not affect the
precipitation-redispersion process.

As synthesized, the cerium oxide nanoparticles are stabilized
merely by electrostatic repulsion and an increase of the pH or
ionic strength results in aggregation of the particles, and
destabilization of the sols.11,28 As described in Figure 1, systematic
variation of pH by addition of NH4OH over a broad range between
1.4 and 11 resulted in macroscopic phase separation. Though
the change in pH apparently reduces the effective surface charge
of the particles, it also reduces the range of the electrostatic
repulsion due to reduced λD. It is significant to note that the
destabilization of the sols occurs well below the point of zero
charge of the ceria particles, pzc ) 7.9.11,12 Based on visual
observations, the solution phase behavior may be categorized
into three different zones.

Zone 1spH ) 1.4 to 3: clear solution
Zone 2spH ) 3.5 to 5: turbid solution that phase separates

into a loose precipitate
Zone 3spH ) 7 to 11: rapid phase separation of a dense

precipitate
This result is reminiscent of the investigations by Nabavi et

al.11 where between pH 3-5 these authors identified a zone of
reversible aggregation and the retention of strongly bound
nitrates on the particle surfaces. Moreover, between pH 7-10.5,
the nitrate layer is lost resulting in rapid and irreversible
precipitation. In the following section, we investigate the
interactions between nanoceria and PAA. Poly(acrylic acid) with
a weight-averaged molecular weight of 2000 g mol-1 and a
polydispersity of 1.74 was purchased from Sigma Aldrich. The
polymers were dialyzed against deionized water (pH 3) and freeze-
dried before use. Titration experiments (data not shown)
confirmed that this weak acid has a pKa around 5.5. The
suspension pH was adjusted with reagent-grade nitric acid
(HNO3) and with ammonium hydroxide (NH4OH).

III. Precipitation-Redispersion Phenomenon

The inherent instability of inorganic nanoparticle sols
displayed in Figure 1 may be resolved by complexation
with charged ion-containing polymers. To achieve this
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Figure 1. Behavior of the CeO2 sol as function of pH. The
initial conditions (first vial on the left) are at pH 1.4 and weight
concentration c ) 1 wt. %. The suspension pH is adjusted with
reagent-grade ammonium hydroxide (NH4OH). Above pH 3.5,
a macroscopic phase separation is observed through the
apparition of a white precipitate (bottom phase).
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goal for sol stability, we have developed a two-step process,
defined as the precipitation-redispersion process.

Step #1sPrecipitation. When cerium oxide sols are
mixed with poly(acrylic acid) solutions, both being pre-
pared at the same concentration c and pH 1.4, the solution
undergoes an instantaneous and macroscopic precipita-
tion. Mixing of the two initial solutions may be character-
ized by the ratio X ) VCeO2/VPAA2K, where VCeO2 and VPAA2K

are the volumes of the cerium and polymer solutions,
respectively. The solution becomes turbid on mixing.
Sedimentation or centrifugation gave two distinctly
separated phases, as shown by the left-hand side vial of
Figure 2a. The bottom phase appears as a yellow and
dense precipitate whereas the supernatant is fluid and
transparent. From its visual aspect, the two-phases
resemble those obtained with bare nanoparticles at high
pH (Figure 1). This precipitation by addition of PAA has
been observed for broad ranges in concentrations (c )
0.01-10 wt. %) and mixing ratios (X ) 0.01-100). This
process was also investigated using poly(acrylic acid) of
different molecular weights, Mw ) 2000, 8000, and 30 000
g mol-1. In the following, we focus on the 2000 g mol-1

chains (PAA2K). Phase separation may result from the
multisite adsorptions of the uncharged acrylic acid
moieties on the particle surfaces. The exact mechanism
for the adsorption (hydrogen bonding or electrostatic) is
not known at this stage. Though the PAA is uncharged
at pH 1.4, the adsorption was accompanied by a decrease
in pH due to the release of excess acid. Complexation or
sharing of the polymer chains with several particles results
inmacroscopicprecipitationduetocolloidalbridgingwhich
is reminiscent of classical associative phase separation.1,36

Step #2sRedispersion. Starting from the two-phase
coexisting state of the precipitate and supernatant as
described previously, the pH was then progressively

increased by addition of ammonium hydroxide NH4OH.
Under steady stirring, the titration by addition of base
above pH 7.5 resulted in a complete and rapid (within
seconds) redispersion of the precipitate. This evolution of
the CeO2-PAA2K solutions at X ) 1 and c ) 1 wt. % is
illustrated in Figure 2a for the pH range from 1.4 and 10.
The precipitation-redispersion was followed by static and
dynamic light scattering experiments. With increasing
pH, there is first a broad region between pH 1.5 and 7
where the precipitate still persists (Figure 2b). In this
range, classical light scattering experiments could not be
performed due to multiple scattering. Above pH 7, the
solution turns transparent and the autocorrelation func-
tion of the scattered light may be measured. In this pH
range, the autocorrelation function was characterized by
a slightly polydisperse relaxation mode, associated with
an hydrodynamic diameter DH calculated through the
Stokes-Einstein relationship.34 DH was found to decrease
progressively from 18 nm at pH 7.5 to 12.5 ( 1 nm at pH
10 (Figure 2b). This latter value is ∼3 nm larger than the
diameter of the bare particles (DH ) 9.8 nm), suggesting
that the nanoceria are now coated by the poly(acrylic acid)
chains. Doublets, triplets, etc., multiplets of particles
would have produced much larger hydrodynamic diam-
eters or much broader polydispersity. This hypothesis was
corroborated by ú-potential measurements (Zetasizer
3000, Malvern Instrument) which clearly showed a shift
from ú ) +40 mV for the cerium nanosol at pH 1.4 (c )
0.1 wt. %) to ú ) -45 mV for mixed CeO2-PAA2K solution
at X ) 1 and pH 10. At the end of the redispersion process,
the sign of the electrostatic charge of the particles was
reversed. On decreasing the pH from pH 10 by progressive
addition of perchloric acid (uncharging the poly(ammo-
nium acrylate)), the CeO2-PAA2K sols remained thermo-
dynamically stable down to pH 6. At still lower pH, a
phase separation was again observed as the hydrodynamic
diameter and Rayleigh ratio (data not shown) diverge.
The hysteresis loop in Figure 2b illustrates that CeO2-
PAA2K sols under the same physicochemical conditions
exist under different colloidal states. In the precipitation-
redispersion, PAA2K chains have two distinct functions,
one that deals with the redispersion process and the other
with the stabilization of the particles. This is explained
further through the development below.

IV. Composition and Structure in the
Redispersed State

Total Organic Carbon Analysis (TOC). To further
elucidate the P-R phenomenon, the partitioning of the
PAA and the composition of the different phases were
further investigated by total organic carbon analysis
(TOC). A series of CeO2-PAA2K solutions were prepared
at pH 1.4 with X ) 0.01-100. After centrifugation at 15 000
rpm, both the supernatant and precipitate were separated
andstudiedbythis technique.Figure3ashowstheresidual
PAA left in the supernatant, i.e., uncomplexed during the
precipitation as a function of X. The figure emphasizes
that for X g 2 all of the chains have been complexed.
Parallel UV-visible adsorption corroborates the presence
of PAA in the upper phase at low mixing ratios, and more
importantly that in the whole X-range explored here nano-
CeO2 are all incorporated to the dense phase. Estimates
of the compositions of the dense phase from TOC analysis
show that 80-90 wt % of the precipitate (depending on
X) is water, whereas the percentages of nanoparticles and
polyelectrolytes are in the range 1-10% (Figure 3b). The
precipitate is described as a loose percolated fractal
aggregate made of particles and PAA chains. The data in

(36) Semenov, A. N.; Joanny, J.-F.; Khokhlov, A. R. Macromolecules
1995, 28, 1066-1075.

Figure 2. (a) Series of CeO2-PAA2K solutions prepared at
different pH. The mixing of the polymer and cerium solutions
was made at pH 1.4, and the pH was further adjusted with
NH4OH. Above pH 7, the precipitate has been redispersed. (b)
Hydrodynamic diameters measured by dynamic light scattering
onCeO2-PAA2K solutionsduringthePrecipitation-Redispersion
(close symbols). At pH 10, the PAA2K-coated cerium sol is stable
and it can be brought back to pH 6 without noticing any change
in the dispersion (empty symbols). Below pH 6, the nanoparticles
start to aggregate.
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Figure 3b allows us to calculate the number nppt of absorbed
PAA chains per particle in the precipitate. This number
remains constant at nppt ) 140 ( 20 at low values of X and
decreases with increasing X (Figure 3c). This behavior is
compared to the nominal number of polymer per particle
calculated from X according to

Equation 1 is valid only when the solutions are mixed at
identical concentrations according to the definition above.
As anticipated, at large X (X > 2), the experimental and
the calculated X’s are identical. For the system CeO2-
PAA2K, this value of X ∼ 2 is critical since it is also the
mixing ratio below which the redispersion (by raising pH,
see previous section) is complete. This critical X sets the
lower limit for redispersion in terms of number of polymer
per particle. From the TOC analysis, we conclude that for
the CeO2-PAA2K precipitate to be redispersable by pH
increase nanoceria need to be complexed at least by 140
chains, corresponding to a nominal X of 1.4 (eq 1). This
number is also the number that the system will adopt
spontaneously, even if more polymers are added during
mixing. As shown in Figure 3, the uncomplexed PAA
chains remain in the supernatant.

To exclude the uncomplexed PAA, the redispersed sol
was dialyzed through a 10 000 g mol-1 membrane and
TOC analysis was extended to the supernatant. The
analysis surprisingly revealed that the dialyzed CeO2-
PAA2K dispersion contained only 39 PAA chains per
particle i.e., 20% by mass of the complex. Apparently, some
PAA may be released during the redispersion process.

Though 140 PAA2K chains are necessary for redispersion
to occur the number of absorbed PAA2K chains (∼40) on
the particle necessary for a stable suspension is therefore
less than the added PAA.

Static Light Scattering. Static light scattering has
been utilized to determine the molecular weight of the
PAA2K-coated nanoparticles and hence to derive the
number nads of adsorbed polymers per particle. To do so,
200 mL of a CeO2-PAA2K solution have been prepared at
X ) 1, c ) 0.2 wt. %, and pH 10. The solution was then
ultra-filtrated in a cell equipped with a 3000 g mol-1 pore
size filter (Pall Life Sciences) in order to remove the free
counterions and residual uncomplexed PAA. It was
checked at the end of the ultra-filtration that the redis-
persed sol was characterized by 14 ( 1 nm hydrodynamic
diameter monodisperse particles. This value is in agree-
ment with the findings of Figure 2. Figure 4 displays the
Rayleigh ratios Rθ(c) of the PAA-coated particles as
function of the CeO2 concentration in the range 0-0.6 wt.
%. This scattered intensity is compared to that of the bare
nanoparticles. In the two cases, Rθ(c) varies linearly with
c according to34,37

where Mapp is the weight-average apparent molecular
weight of the scattering entities and K ) 4π2n2(dn/dc)2/
NAλ4 is the scattering contrast (NA is the Avogadro number
and dn/dc is the refractive index increment, measured on
a Chromatix KMX-16 differential refractometer). The ratio
between the two straight lines in Figure 4 is 1.83. This
ratio can be calculated as function the characteristics of
the two systems, yielding

Here KCeO2-PAA2k ()0.99 × 10-6 mol cm-2 g-2) and KCeO2

()1.21×10-6 mol cm-2 g-2) are the contrasts for the coated
and bare particles, respectively. From the comparison
between the data of Figure 4 and eq 3, we find nads ) 49
( 5.

Small-Angle X-ray Scattering. Similarly, SAXS was
performed on both bare and PAA2K-coated nanoparticles
in order to compare the two systems at the nanometer
scale. SAXS intensities have been collected for dilution
series with concentrations comprised between 0.1 and 5
wt. %. Figure 5 exhibits the intensities of dilute solutions

(37) Lindner, P., Zemb, T., Eds. Neutrons, X-raysandLight:Scattering
Methods Applied to Soft Condensed Matter; Elsevier: Amsterdam, 2002.

Figure 3. (a) Residual poly(acrylic acid) in the supernatant
as function of X for a series of CeO2-PAA2K mixed solutions
prepared at c ) 1 wt. % and pH 1.4. Prior to the measurements
by total organic content analysis (TOC), the suspensions were
centrifuged at 15 000 rpm. (b) Composition by weight of the
precipitates as function of X for the same solutions as in Figure
3a. (c) Number nppt of adsorbed PAA chains per particle in the
precipitate. nppt is calculated from the data in panels a and b.

n(X) )
Mw

N

Mw
P

1
X

(1)

Figure 4. Rayleigh ratios measured by static light scattering
for bare CeO2 particles at pH 1.4 and for CeO2-PAA2K solutions
redispersed at pH 10. The concentration in abscise is that of
the bare particles. These data allow us to derive the number
of adsorbed polymers per particle, nads ) 49 ( 5 (from eq 3).

Rθ(c) ) KcMw
app (2)

Rθ
CeO2-PAA2k(c)

Rθ
CeO2(c)

)
KCeO2-PAA2k

KCeO2
(1 + nads

Mw
P

Mw
N)2

(3)
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(c < 0.5 wt. % and X ) 1), that is, for solutions where no
structure factor is apparent. At low concentration, the
scattered intensity is proportional to the concentration
and the q-dependence of the intensity reflects the form
factor of the aggregates. The form factors for the bare and
coated CeO2 nanoparticles have been shifted vertically so
as to superimpose the scattering cross-sections at high
wave-vectors (Figure 5). This result indicates that on a
local scale (i.e., for distances below 5 nm) both particles
have the same structure. A slight deviation shows up below
0.03 Å-1 that is ascribed to the PAA corona surrounding
the particles. This extra contribution is also illustrated in
the inset of Figure 5 which shows the intensities in a
Guinier representation. Here, the logarithm of the in-
tensity decreases linearly with q2 and from the straight
lines,37 we deduced a radius of gyration RG ) 3.52 ( 0.02
nm for the bare nanoparticles and RG ) 4.8 ( 0.2 nm for
the PAA2K coated particles. As q f 0, the intensity of the
coated particles is 1.4 times that of the bare nanoceria.
This value can be used to estimate the number of adsorbed
polymers. We assume that the coated nanoparticles are
of core-shell type, each compartment having an electronic
densities FCeO2 and FPAA2K. The excess of intensity as q f
0 due to the PAA shell with respect to that of the bare
particles reads37,38

where FS are theelectronic scatteringdensityof thesolvent,
VPAA2K is the molar volume of poly(ammonium acrylate)
polymer and VCeO2 is that of the bare particle. Using for
the densities FPAA2K ) 0.88 eÅ-3, FCeO2 ) 1.84 eÅ-3, FS )
0.33 eÅ-3,39-41 and for the volume of an acrylate monomer
v0 ) 54.8 Å3,42 (VCeO2 is calculated from the molecular
weight), one ends up with a number of adsorbed polymers

nads ) 34 ( 6. Both light and X-ray scattering experiments
are in good agreement with each other and with the TOC
results. These results indicate that, although a critical
number of at least 140 polymers is necessary for the
redispersion to be realized, only one-third of the PAAs are
useful at the stabilization of the particles. We conclude
then that during the redispersion, the majority of the
polymers are released into the solvent phase. The final
amount of polymer per particle is this 40-50, which
corresponds to 1/5 of the total weight of the coated particles
and to a surface coverage of 1 mg m-2.

To get a better insight about the conformation of the
adsorbed polyelectrolytes, we finally discuss two extremely
different configurations and compare them to the present
results. In a first case, we assume that all of the acrylic
acid monomers are adsorbed or in the close vicinity of the
cerium oxide surfaces. With an average of 50 chains per
particle and a monomeric molar volume v0 ) 54.8 Å3,42 a
rapid estimate shows that the radius of the polymer-
nanoparticle would then be increased by 0.4 nm. In a
second case, we assume that the chains are attached by
a few monomers and that the remaining part of the chain
is highly stretched toward the surrounding solvent.
Counting 0.15 nm per monomer, we end up with a diameter
for the whole aggregate of 18 nm. The experimental
hydrodynamic diameter DH ) 13-14 nm is intermediate
and therefore suggests an intermediate conformation for
the PAAs. One part of the monomers is adsorbed on the
nanoparticles and the remaining part is building a solvated
polyelectrolyte brush. Titration of the PAA2K-coated
nanoparticles from the redispersed state have shown in
addition that ∼1/3 of the total monomers can be deionized
by progressive addition of perchloric acid. This value of
1/3 sets the brush thickness to 1.5 nm, again in agreement
with the experimental data. The conformation of the
adsorbed polyelectrolyte chains is illustrated schemati-
cally in Figure 6.

V. Conclusion

We have studied the precipitation-redispersion
process between cerium nanoparticles and short poly-
(acrylic acid) chains. By this process, we are able to produce
single nanoparticles irreversibly coated with PAA chains
(Figure 6). With a ∼2 nm polyelectrolyte brush surround-
ing the particles, the cerium sols are stable over a broad
range of pH and concentration. As reported by several
authors,1,20 the present results confirmed that the inter-
particle interactions in the redisperse state can be
considered as electrosteric. The highest CeO2-PAA2K
concentration achieved so far by ultra-filtration is 50 wt.
%, i.e., 500 g L-1, in a stable and transparent solution
containing by weight 4/5 of particles and 1/5 of polymers.
Results about the ionic strength, concentration, and
polymer molecular weights will be described in detail in

(38) Pedersen, J. S.; Svaneborg, C. Curr. Opin. Colloid Interface Sci.
2002, 7, 158-166.

(39) Schosseler, F.; Ilmain, F.; Candau, S. J. Macromolecules 1991,
24, 225-234.

(40) Groenewegen, W.; Egelhaaf, S. U.; Lapp, A.; Maarel, J. R. C. v.
d. Macromolecules 2000, 33, 3283-3293.

(41) Horkay, F.; Hecht, A. M.; Basser, P. J.; Geissler, E. Macromol-
ecules 2001, 34, 4285-4287.

(42) Tondre, C.; Zana, R. J. Phys. Chem. 1972, 76, 3451-3459.

Figure 5. X-ray scattering intensity for bare and PAA2K-
coated nanoparticles in double logarithmic scale. The concen-
trations are in the two cases c ) 0.5 wt. %. At such low
concentrations, the intensities represent the form factors of
the particles. The deviation below 0.03 Å-1 is due to the PAA
corona surrounding the particles. Inset: Guinier representation
of the intensity for the same samples (I(q) versus q2). From the
straight lines, the gyration radius for the bare and for the PAA2K-
coated nanoceria can be calculated, RG ) 3.52 and 4.8 nm,
respectively.
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Figure 6. Schematical representation of PAA2K-coated cerium
nanoparticles obtained through the precipitation-redispersion
process.
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our forthcoming paper. We suggest finally that the
precipitation-redispersion process described here could
be easily applied to other nanoparticle systems.
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