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Very stable titania hydrosols were prepared by fast hydrolysis of titanium isopropoxide in a large excess
of water. XRD patterns show that these sols contain nanocrystals (5–6 nm) of anatase (70%) and brookite
(30%). TEM images indicate that these primary particles form aggregates whose mean hydrodynamic
diameter, determined by photon correlation spectroscopy, is in the range of 80–90 nm. The flow curves
of these colloids, recorded for several volume fractions of nanoparticles, can be perfectly fitted, in the
range 0–100 s�1, with a power-law model. In this range the behavior is Newtonian but for larger shear
rates a shear thinning is observed. The viscosity dependence on particle concentration can be predicted
by a Batchelor-type model were the volume fraction of particles is replaced by an effective volume frac-
tion of aggregates, taking into account their fractal dimension. Addition of polyethylene glycol (PEG 2000)
induced a marked decrease (more than 50%) of the sol viscosity down to a minimum. This is explained by
assuming that PEG adsorbs on the surface of TiO2 particles producing stabilization by steric effects and
leading to formation of more compact aggregates. Without PEG the sol viscosity strongly decreases on
aging. This effect is not caused by the growth of primary particles. It is rather interpreted as a progressive
reorganization of the aggregates toward a more compact packing.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Titanium dioxide coatings, with large specific surface areas and
controlled porosity, have wide applications in different fields such
as solar energy conversion [1], photocatalysis [2], and catalysis
[3,4]. Among the different synthesis routes used to produce titania
films, the sol–gel method is ubiquitous because it has many advan-
tages such as purity, homogeneity, control over the microstructure,
ease of processing, low cost, and the ability to coat large and com-
plex substrates.

By mastering size and organization of the nanoparticles in col-
loidal suspensions, titania films with controlled porosity and sur-
face area can be synthesized. These nanoparticles are usually
prepared from the hydrolysis and condensation of titanium alk-
oxides in water. In presence of a large excess of water
(w = [H2O]/[Ti] � 100), hydrolysis is very fast and nucleation and
particle growth are completed within a few seconds, producing
ultrafine primary particles whose size ranges from 2 to 8 nm [5].
These nanoparticles agglomerate very rapidly, producing large pre-
cipitates of macroscopic dimensions [6]. It was shown that, upon
aging, such precipitates give a mixture of anatase and brookite
[7]. Peptization through the action of an inorganic acid (HCl or
ll rights reserved.

lphonse), bleta@chimie.ups-
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HNO3) is often used to break up the aggregates. The final result
is a translucent suspension containing particles whose size ranges
from 15 to 100 nm. Since the final size is still larger than the size of
the primary particles, these peptized colloids consist of agglomer-
ated structures containing several primary particles [6]. Peptiza-
tion is a slow process that exhibits first-order kinetics [8] with
time constants of several days [6]. But peptization time can be re-
duced by increasing either the temperature (>80 �C) or the acid
concentration [7]. The effects of parameters like the pH, the hydro-
lysis and peptization temperature, and the alkoxide alkyl group
have been studied. It was found that the size of titania nanoparti-
cles is mainly controlled by colloidal interactions, whereas chemi-
cal factors, such as the rate of hydrolysis and condensation, have a
secondary role [9].

Though the synthesis of titania films by the sol–gel process has
been extensively studied, most of the sols used in the reported pro-
cedures have shown a very limited stability (<24 h). It should be
emphasized that, for a large scale production of titania coatings
(for example, by roll-coating), a long term stability of the titania
sol is needed in order to achieve an acceptable repeatability. Never-
theless the peptized sols are prone to reagglomeration and the in-
crease of size can lead to flocculation. The poor stabilization of
nanosized titania has led to the hypothesis that the slow peptization
is the result of the simultaneous action of two opposing mecha-
nisms: (i) the fragmentation of primary particle agglomerates by
the peptizing agent, and (ii) the coarsening, which is driven by the
solid concentration, the titania solubility (which depends on pH),
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Fig. 1. XRD powder pattern of a titania xerogel dried at 30 �C. Experimental pattern
(dots) and whole-pattern decomposition (line) computed for a mixture of anatase
(A: tetragonal unit cell, space group No. 141, I41/amd) and brookite (B: ortho-
rhombic unit cell, space group No. 61, Pbca).

82 P. Alphonse et al. / Journal of Colloid and Interface Science 337 (2009) 81–87
and the size polydispersity [6,10]. Coarsening involves the growth of
larger particles at the expense of smaller ones (Ostwald ripening).

Catalytic applications require a tunable porosity to optimize the
diffusion rate of reactants toward the adsorption sites and a high
surface area to maximize the interface between the reactant flow
and the catalyst surface. To control the porosity of titania xerogels,
polymers or structure directing agents are added to the sols before
or after the peptization [11–18]. These additives are removed by
calcination of the xerogels in air. However because these additives
interact with titania particles, they could have a strong effect on
the stability and rheology of the sols. Therefore knowledge of this
influence is mandatory in order to achieve the synthesis of repro-
ducible catalytic films with controlled thickness and porosity.

In this paper the effect of polyethylene glycol (PEG) on the sta-
bility and rheology of titania sols is investigated. PEG is a widely
used additive, but most of the studies were focused on the charac-
terization of the microstructure of xerogels and very few are con-
sidering its influence on the properties of the colloidal suspensions.

2. Experimental

2.1. Sol synthesis

Titania sols were prepared by hydrolysis of titanium alkoxide in
a large excess of water. This method gives colloids of titania nano-
crystallites dispersed in water [14,5]. The following procedure was
optimized to give crystallites as small as possible and to produce
stable sols. Hot (80 �C) distilled water (H2O/Ti � 90) was added
quickly, under vigorous stirring, on titanium (IV) isopropoxide dis-
solved in isopropyl alcohol (C3H8O/Ti = 3.5). A white precipitate
was obtained. After 5 min, a solution of nitric acid (H+/Ti = 0.2)
was added to the suspension and the mixture was kept under stir-
ring for 16 h at 80 �C. The white suspension changed gradually to a
translucent sol by peptization. At the end of peptization the pH of
the sol is close to 1.0. More concentrated sols were obtained by
evaporation at 80 �C until the required concentration was reached.
A slight increase in pH was observed after concentration, i.e.,
pH � 0.5 for a titania concentration of 10 wt%.

2.2. Rheology

Rheology mesurements on the sols were done with a rheometer
Anton Paar Physica MCR fitted with a cone and plate device. The
dimensions corresponding to the geometry were 50 mm for the
diameter and 1� for the angle. The minimum distance between
plate and truncated cone was 0.05 mm. Rheograms were recorded
at 20 �C, with shear rate being stepwise increased and decreased
over the range of 1–1000 s�1, with a total time period of 300 s for
both the increasing and the decreasing shear rate sweeps. For each
sample, a minimum of four measurements was performed. For the
lowest shear rates (typically below 10 s�1 some fluctuations of vis-
cosity were observed, especially in the case of the less viscous sols.

2.3. Zeta potential and particle hydrodynamic diameter

Electrophoretic mobility and particle hydrodynamic diameters
were determined on a Malvern Zetasizer 3000 using a He–Ne laser
as light source (k = 633 nm). The zeta potential was calculated from
electrophoretic mobility using the Henry equation and Smolu-
chowski approximation

Particle sizes were measured by photon correlation spectros-
copy (PCS). All size measurements were done at 25 �C with a scat-
tering angle of 90�. To control the effect of multiple scattering and
particle interactions, analysis were performed at several dilutions
in order to check that the measured size was not dependent on
the dilution.
2.4. Powder X-ray diffraction (PXRD)

The crystal structure was investigated by powder X-ray diffrac-
tion. Data were collected, at room temperature, on a Bruker AXS D4
h–2h diffractometer, in Bragg–Brentano geometry, using filtered
CuKa radiation and a graphite secondary-beam monochromator.
Diffraction intensities were measured by scanning from 20� to
80� (2h) with a step size of 0.02� (2h). Crystalline structures were
refined using FullProf software [19]. The peak profiles were mod-
eled by pseudo-Voigt functions. The refined FWHM (full-width at
half-maximum) of the lines was used to compute, by the Scherrer
equation, the average crystallite size [20]. The instrumental broad-
ening contribution was evaluated by using a highly crystalline ru-
tile sample as standard.

2.5. Specific surface area and density

The specific surface areas were computed from the adsorption
isotherms, using the Brunauer–Emmett–Teller (BET) method [21].
Adsorbate was nitrogen and isotherms were recorded at 77 K with
a Micromeritics ASAP 2010M.

Skeletal densities of powders were determined using a gas pyc-
nometer (Micromeritics AccuPyc 1330) working with helium. Each
experimental value results from the average of 10 successive mea-
surements on the same sample.

2.6. Electron microscopy

High resolution transmission electron microscopy analyses
were performed on a JEOL 2100F operating at 200 kV. Conventional
TEM observations were done on a JEOL 1011 operating at 100 kV.
Samples were prepared by dipping a carbon-coated grid in a sol di-
luted 50 times in water. Then the grid was allowed to dry for 48 h
at room temperature.

3. Results and discussion

3.1. Characterization of titania hydrosols

XRD pattern (Fig. 1) shows that titania sols dried at room tem-
perature contain two crystalline phases, anatase (tetragonal, I41/
amd, JCPDS No. 00-021-1272) and brookite (orthorhombic, Pbca,
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JCPDS No. 01-076-1934). Due to the numerous brookite reflections,
and to the strong overlap of the diffraction lines (because phases
are nanocrystalline), we failed to find an acceptable solution by
the Rietveld method. However, the profile matching method
(whole-pattern decomposition) gave the cell parameters and the
peak profiles for both phases. From the peak width we found an
average size for anatase crystallites of ca. 6 nm while the size of
brookite crystals was ca. 5 nm. As already reported [22], to deter-
mine the phase proportions of anatase and brookite, refinement
of the structure by the Rietveld method was done within a 2h range
restricted to 20–35� (2h). This range includes the (101) line of ana-
tase, and (120), (111), and (121) lines of brookite. For the refine-
ment, all parameters except the scale factor were fixed. We found
by this method a fraction of brookite in the mixture close to 30%.

TEM images (Fig. 2) confirm that the average particle size is 5–
6 nm. A selected area electron diffraction (SAED) pattern shows
rings of reflections whose intensities and positions are in good
agreement with those observed in the XRD pattern (Fig. 1). The
images taken at lower magnification show that primary particles
have a strong tendency to form aggregates, with a chainlike struc-
ture, containing more than 100 particles (Fig. 2). The packing den-
sity of these clusters decreases from center to border. It seems
probable that boundary particles could be disconnected from such
aggregates at high shear rates.

The specific surface area of a sol dried at room temperature (and
outgassed at 50 �C for 24 h) is 240 ± 10 m2 g�1. The specific surface
area Sw (in m2 g�1) of a material composed of spherical particles all
Fig. 2. Upper part: high resolution TEM image and selected area electron diff
having the same diameter D (in nm) can be calculated by the
equation

Sw ¼
6
qD

; ð1Þ

where q is the density of the particles (in kg m�3). This density is
supposed to be close to the density of a xerogel prepared by drying
the titania sol at room temperature. This xerogel density was mea-
sured with a helium pycnometer and found to be 2700 ± 100 kg m�3.
However, the average density of a material containing 70% of ana-
tase crystals (q = 3900 kg m�3) and 30% of brookite crystals
(q = 4120 kg m�3) is 4000 kg m�3. This difference can be interpreted
by assuming that the numerous hydroxyl groups on the surface of
the particles produce a layer having a lower density than the core.

Taking q = 2700 kg m�3 and D = 6 nm gives a surface area equal
to 370 m2 g�1. This high value compared to the experimental one
indicates that primary particles in the core of aggregates are so clo-
sely packed that nitrogen cannot have access to their surface.

Another evidence that primary particles agglomerate to give
aggregates whose size is large enough to scatter visible light is
the fact that these suspensions are not transparent but translucent
(milky). The mean hydrodynamic diameter of aggregates, deter-
mined by photon correlation spectroscopy, was in the range of
80–90 nm, in good agreement with electron microscopy images.

The zeta potentials of suspensions were in the range of +25 to
+30 mV. This rather low repulsive barrier can explain why the pep-
tization process requires 16 h at 80 �C to give a translucent sol.
raction (SAED) pattern. Lower part: medium and low scale TEM images.
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3.2. Effect of TiO2 concentration (volume fraction)

Concentrations of titania (in g/L) in colloids were calculated
from the residual mass after calcination (for 2 h at 800 �C) of a
known volume of sol. Assuming volume additivity, the volume
fraction of particles, U, can be calculated by

U ¼ C
q
; ð2Þ

where C is the concentration (in g/L) of TiO2 in the sol and q is the
density of titania particles (q = 2700 kg m�3).

Rheograms recorded for sols containing increasing amounts of
titania are presented in Fig. 3. Rheograms were measured by
increasing and then decreasing the shear rate. For each rheogram
the curves obtained during reversible shear rate–shear stress paths
overlapped; i.e., no hysteresis was observed in any of the studied
sols. None of the sols exhibited a Bingham plastic behavior (yield
stress can always be approximated to zero). The fitting of the data
was done by using the power-law rheological model [23]

r ¼ K _cn; ð3Þ

where r is the shear stress (Pa), _c the shear rate (s�1), K the consis-
tency coefficient, and n the power-law index. The results of the
least-square fitting of the experimental points are reported in Table
1. In the range 1–100 s�1 this model gives an excellent agreement
with the experimental data, showing a Newtonian behavior (n very
close to 1). For shear rates larger than 100 s�1 shear thinning is ob-
served. The behavior observed for water at a low shear rate is prob-
Table 1
Fitting rheological data, in the range 1–100 s�1, with power-law model, Eq. (3): effect
of concentration of titania particles.

Concentration
(wt%)

Volume
fraction (U)

K Relative error
on K (%)

n Relative error
on n (%)

0 0.000 0.001 0.3 1.00 n Fixed
3.4 0.013 0.004 0.3 0.98 0.1
5.1 0.020 0.007 2.0 0.96 0.6
7.5 0.029 0.012 1.6 0.97 0.5

12.5 0.050 0.016 0.8 0.99 0.2

Rheometer temperature = 20 �C.
ably due to the rheometer geometry used which is inappropriate for
low viscosity media.

The viscosity dependence on particle concentration in diluted
suspensions is usually expressed as a function of relative viscosity
versus volume fraction of the particles [24]. The relative viscosity,
gr, being defined as

gr ¼ g=gs; ð4Þ

where gs is the viscosity of the dispersion medium (water in our
case).

The relative viscosities, measured for several shear rates, are
plotted against the volume fraction of nanoparticles in Fig. 4. For
low particle volume fractions, as is the case here, the relative vis-
cosity can be predicted by Batchelor’s model [25] (valid for U < 0.1)

gr ¼ 1þ ½g�Uþ ½g�2U2; ð5Þ

where [g] is the intrinsic viscosity defined by

½g� ¼ lim
U!0
ðgr � 1Þ=U: ð6Þ

For monodisperse dispersions of hard spheres, [g] = 5/2 [24].
It was recently shown [26–31] that Batchelor’s model strongly

underestimates the viscosity measured for nanoscale colloid solu-
tions (so-called nanofluids). This deviation was attributed to parti-
cle aggregation. The aggregates can be considered as new particles
with an effective diameter Da. The effective volume fraction Ua is
given by

Ua ¼ U
Da

d

� �3�Df

; ð7Þ

where d is the diameter of primary particles and Df is the fractal
dimension of the aggregates. Df represents the packing change with
distance from the center of the aggregate. The lower the value of Df

the more open the packing [23]. The number of particle per aggre-
gate is given by

na ¼
Da

d

� �Df

: ð8Þ

As in the Eq. (5), relative viscosity will be related to the effective
volume fraction Ua by
0

2

4

6

0  0.01  0.02  0.03  0.04  0.05

R

Volume fraction

Fig. 4. Relative viscosity dependence on volume fraction of titania particles for
several shear rates. Rheometer temperature=20 �C. Symbols correspond to exper-
imental data points. Lines correspond to the best fit of experimental data by Eq. (10)
for a titania volume fraction < 0.04.
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gr ¼ 1þ ½g�Ua þ ½g�2U2
a : ð9Þ

Fitting the experimental data gr = f(U) presented in Fig. 4 with the
equation

gr ¼ 1þ kUþ ðkUÞ2 with k ¼ ½g� Da

d

� �3�Df

ð10Þ

gives the best k. Then the ratio Da/d can be calculated according to
the values of [g] and Df. As shown in Fig. 4, a good fit can be ob-
tained if the data for U > 0.04 are not taken into account.

Assuming that [g] = 5/2 (dispersions of hard spheres), to obtain
the value of Da/d we need to know Df, the fractal dimension of
aggregates. In the studies on nanofluids, the authors take Df = 1.8
[27,28,30], which corresponds to diffusion-limited aggregation
(sticking probability = 1). In our case, the sols are prepared by pep-
tization, the sticking probability is less than unity, and we are in
reaction-limited aggregation regime. In this case Df � 2.1–2.2
[32]. However, for titania sols prepared by hydrolysis–peptization
of titanium isopropoxide, the values reported for Df were 1.5 [10]
and 1.72 [6]. Moreover, the medium value of zeta potential and
the time required for peptization are in favor of a low Df. The values
of Da/d, calculated for Df = 1.8 and Df = 1.7, are reported in Table 2.
At low shear rates and for Df = 1.8, the number of particles in aggre-
gates is 240. This number decreases to 115 if Df = 1.7.

It is noted in Table 2 that the number of particles in aggregates
decreases when the shear rate increases. It can be due to a loss, at
high shear rate, of loosely bound particles at the boundary of
aggregates.

The number of particles in aggregates reported for nanofluids is
generally close to 10 [28]. Our larger values can be explained by
the fact that our primary particles are smaller and thus have a
higher probability of aggregation (as decreasing particle size at
constant volume fraction decreases the average interparticle dis-
tance, making the attractive van der Waals forces more important
[33]). It can be linked with the fact that the relative viscosity of our
sols is about three times higher than those reported for larger par-
ticles [28].

As shown in Fig. 4 there is a sharp decrease of the relative vis-
cosity for U > 0.04. This can be due to some interpenetration of the
branch-like parts of aggregates (Fig. 2) leading to a decrease of the
effective volume fraction Ua.

3.3. Effect of the PEG 2000 addition

Because the nanoparticles have a strong tendency to agglomer-
ate, due to the van der Waals interactions, electrostatic or steric
stabilization is usually used to stabilize colloids by creating repul-
sions between the particles [33]. Electrostatic stabilization consists
of the adsorption of ions on the surface of the particles with crea-
tion of the electric double layer, whereas steric stabilization can be
achieved by the adsorption of large molecules such as polymers
forming a dense layer around the particles [34]. Coil dimensions
of polymers are usually larger than the range over which attrac-
tions between colloidal particles are active [35]. In this study we
investigated the effect of post addition of PEG as a surface modifier
for the stabilization of titania sols.
Table 2
Fitting relative viscosity with Eq. (10) and assuming [g] = 5/2 and either Df = 1.8 or
Df = 1.7; na is calculated by Eq. (8).

Shear rate (s�1) k Relative error on k (%) na (Df = 1.8) na (Df = 1.7)

10 94 1.12 231 115
100 97 0.93 242 120
316 90 0.71 217 109

1000 84 1.01 193 98
Fig. 5 presents the effect of PEG 2000 addition on the viscosity
of sols for several volume fractions of titania particles. Whatever
the volume fraction of particles, the addition of low amounts of
PEG 2000 induces a large decrease of the sol viscosity. On further
PEG addition the viscosity reaches a minimum (about 50–60% of
the value observed without PEG) and then it increases steadily.
The PEG concentration corresponding to the minimum increased
when the volume fraction of titania increased. It can be noted that
this minimum is reached for a ratio between the number of ethyl-
ene oxide units and the number of titanium atoms (EO/Ti) in the
range of 0.3–0.4.

We have observed that addition of PEG 2000 up to 40 g/L (EO/
Ti � 2) in a diluted sol (titania volume fraction = 0.012) produced
a shift toward low diameters of the particle size distribution deter-
mined by photon correlation spectroscopy. The mean hydrody-
namic diameter of aggregates decreased from 80–90 to about
50 nm.

The decrease of viscosity, resulting from PEG addition, can be
interpreted by assuming that PEG adsorbs on the surface of TiO2

particles producing stabilization by steric effects. This will de-
crease the sticking probability, which in turn will increase the frac-
tal dimension Df. As the aggregates become more compact, the
effective volume fraction will decrease which finally will decrease
the sol viscosity. For example, using Eq. (10), it can be calculated
that for na = 120, increasing the fractal dimension from 1.7 to 1.8
leads to a decrease of relative viscosity of more than 50%.
Fitting rheological data, in the range 1–100 s�1, with power-law model, Eq. (3): Effect
of PEG concentration.

PEG 2000 Concentration
(g/L)

K Relative error on K
(%)

n Relative error on n
(%)

0 0.011 1.6 0.97 0.5
6.7 0.008 0.3 0.98 0.1

13.0 0.006 1.2 0.99 0.6
18.4 0.007 2.6 0.96 0.4
71.2 0.010 0.7 0.99 0.2

Volume fraction of titania sol, U = 0.026. Rheometer temperature=20 �C.
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The flow curves were fitted by the power-law rheological mod-
el. The results of the least-square fitting for a fixed volume fraction
of titania (U = 0.026) are reported in Table 3. Again this model
gives an excellent agreement with the experimental data. It is
noted that the change of viscosity produced by PEG addition is
mainly reflected by the consistency coefficient K because the
power-law index remains close to unity. Addition of PEG tend to
suppress the shear thinning behavior observed for high shear rates.
This is in agreement with our previous interpretation because the
loss of particles at the external boundary of aggregates at high
shear rates will be minimized if aggregates are more compact.

3.4. Effect of aging

To study the effect of aging time on the viscosity, a fresh sol
(volume fraction of titania, U = 0.026) was prepared and then di-
vided in two parts: one part was kept unchanged while on the
other part PEG (18 g/L) was added. The PEG quantity was chosen
to be close to the value giving the minimum of viscosity (EO/
Ti = 0.4). This second sol was kept under stirring for about 2 h to
achieve the complete dissolution of the polymer. A first measure-
ment of the viscosity was performed in both sols (with and without
PEG) immediately after the PEG addition starting 2 h after the end
of synthesis. Then, the samples were allowed to stand at room
temperature. Measurements of viscosity were performed on differ-
ent time intervals over a period of 45 days (1160 h). It should be
emphasized that no sedimentation was observed with these sols
even after several months of settling. However, prior to each mea-
surement, the samples were kept under stirring for 10 min in order
to ensure the homogenization of the sol.

As shown in Fig. 6, a steady decrease of the viscosity with time
was observed even when the sols were not concentrated. After the
addition of PEG, the viscosity change was rather low and the sols
can be considered stables enough to make reproducible coatings.

Aging produces a broadening of the particle size distribution
determined by photon correlation spectroscopy. There is also a
slight shift toward large diameters and the mean hydrodynamic
diameter increases slightly (�10 nm).
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To check if the effect of aging was not the consequence of Ost-
wald ripening by dissolution–reprecipitation, we have compared
the XRD pattern for a fresh sol with the pattern of an aged sol. Ex-
cept for a small difference in the first peak intensities, the patterns
perfectly overlap, indicating that the aging effect is not caused by
the growth of primary particles. Moreover, as rutile (the thermody-
namically stable titania phase) was not formed by aging, this indi-
cates that the dissolution–reprecipitation is very limited.

Actually the aging effect can be due to the fact that the densifi-
cation of aggregates is a slow process with a time scale of several
days. During the initial hydrolysis step, the very fast agglomeration
process is diffusion-limited because there is no repulsion barrier
and particles or clusters stick together each time they touch. Thus
the aggregates are loosely packed and their fractal dimension is
low (1.5 < Df < 1.7). After the acid addition, adsorption of protons
on the particle surface creates a repulsion barrier and the sticking
probability decreases. A progressive reorganization of the aggre-
gates toward a more compact packing is expected. To summarize,
the effective volume fraction of the clusters is maximum after the
sol synthesis and it decreases progressively as the fractal dimen-
sion of the aggregates increases. As pointed out by Vorkapic and
Matsoukas [6], it is possible that when a packing density limit is
reached, the aggregates cannot be peptized anymore.

Finally, we have assumed that PEG addition leads to the forma-
tion of more compact aggregates which explains why the aging ef-
fect on viscosity is very limited.
4. Conclusion

Titania hydrosols were prepared by fast hydrolysis of titanium
alkoxide in a large excess of water. XRD patterns show that these
sols contain nanocrystals (5–6 nm) of anatase (70%) and brookite
(30%). TEM images indicate that these primary particles have a
strong tendency to form aggregates whose mean hydrodynamic
diameter, determined by photon correlation spectroscopy, is in
the range of 80–90 nm

The flow curves of these colloids, recorded for several volume
fractions of nanoparticles, can be perfectly fitted, in the range 0–
100 s�1, with a power-law model. In this range the behavior is
Newtonian but for larger shear rates a shear thinning is observed.

The viscosity dependence on particle concentration can be pre-
dicted by a Batchelor-type model were the volume fraction of par-
ticles is replaced by an effective volume fraction of aggregates
taking into account their fractal dimension.

Addition of PEG 2000 induced a marked decrease (about 50–
60% of the value observed without PEG) of the sol viscosity down
to a minimum. This decrease can be interpreted by assuming that
PEG adsorbs on the surface of TiO2 particles producing stabilization
by steric effects and leading to formation of more compact
aggregates.

The sol viscosity decreases on aging and this effect is strongly
reduced after addition of PEG 2000. This transformation is not
caused by the growth of primary particles. It is rather interpreted
as a progressive reorganization of the aggregates toward a more
compact packing.
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