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Abstract

Nanosized titanium oxide (TiO,) powders have been prepared by conventional and microwave hydrothermal methods by forced hydrolysis of
TiOCl,. As-prepared powders have been completely characterised by qualitative and quantitative XRD and TEM. The obtained titania powders
have been redispersed (45 and 60 wt.%) in an aqueous hydroxypropylcellulose (HPC) solution (0.5-1 wt.%). Rheological characterisation has been
performed in order to evaluate the influence of HPC on particles agglomerations. The effect of mixing time, HPC and TiO, concentration and their
mutual interactions on shear stress have been evaluated with a design of experiment (DOE) approach.

© 2008 Elsevier Ltd. All rights reserved.

Keywords: Nanoparticles; Hydroxypropylcellulose; Hydrothermal synthesis; TiO

1. Introduction

In recent years, nanosized titania has attracted substantial
attention as a potential material in cosmetics, textiles, fine
ceramics, photocatalysts for environmental purification, catalyst
supports and dielectric materials, thanks to its unique physico-
chemical properties.!~

Because of the technological importance of titania nanopar-
ticles, different approaches to their synthesis such as chemical
precipitation, microemulsion, sol-gel and hydrothermal crystal-
lization have been developed.>!!

Hydrothermal processing is a well-established low-
temperature technique to obtain fine powders. The recent
innovation in combining the hydrothermal method with a
microwave field (M—H) has led to several advantages such as
a very rapid heating temperature of treatment and faster kinet-
ics of crystallization with respect to the conventional process
(C—H).'>1* Authors have recently reported the comparison
between nanostructured titania (TiO,) powders synthesized via
conventional and microwave hydrothermal methods by forced
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hydrolysis of TiOCl,.!> The microwave effects led to spheri-
cal nanopowders with a high degree of crystallization in shorter
times with respect to the C—H method. In particular, even if the
TiO, crystals obtained with M—-H process are finer than those
conventionally synthesized, they are however agglomerated. The
performance of titania can be optimized by preventing agglom-
eration with specific microstructural and macrostructural control
over the physicochemical properties of the material. This can be
generally attained by both post-synthesis modification, when an
organic group is grafted onto the preformed particles or clusters,
and by in situ functionalization when an organic group is intro-
duced during the synthesis, '© as in the case of slurry preparation
for tape casting production.

Actually, environmental and health aspects of the tape casting
process have received special attention leading to the change in
the slurry formulations from organic solvent to water.!” These
water-based slurry formulations require the addition of a poly-
meric dispersant, which increases the electrostatic/electrosteric
repulsive forces and consequently eliminates aggregation.
Hydroxypropylcellulose (HPC) has been indicated'® in several
studies as an effective compound in suppressing the aggregation
of titania particles. Jean and Ring showed that hydroxypropyl-
cellulose provide steric stabilization during the precipitation of
titania from alcohol solution, resulting in an uniform particle
with lower sensitivity to reaction condition.!*2% As a matter of
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fact such a polymer is adsorbed onto the surface of the particles
through hydrogen bonding and creates a steric barrier leading to
a repulsive force.

In the present paper, we describe the effect of HPC addition to
the TiO; nanoparticles aqueous suspensions prepared either with
conventional hydrothermal (C—H) or with microwave-assisted
hydrothermal (M-H) methods. In order to better evaluate the
influence of the polymer dispersant, we selected, on the basis
of a previous study,’ the synthesis conditions which enable
to obtain, for both the processing methods, nanopowders with
analogous chemical-physical characteristics. As a difference
from in situ functionalization, where the steric dispersant is
used during the production stage, all experiments have been
conducted ex situ by adding HPC to the titania nanoparticles
aqueous suspensions. In fact, the high temperature, pressure
and the low pH values used in C-H and M-H hydrothermal
synthesis could induce HPC degradation during the synthesis
step. The effect of: mixing time between the components of
the suspension; HPC and TiO, concentration on shear stress
of the suspensions have been considered while all the other
parameters influencing the rheological behaviour have been
kept constant. In order to evaluate their effects and interac-
tions, a design of experiment (DOE) approach has been carried
out.21-?? Differently from the most used methodology as “Trial
and Error” or “One Factor At Time”, this statistical proce-
dure can be used to study the mutual influences of two or
more independent parameters. DOE is a structured and orga-
nized method for determining the relationship between the
components and the output of a process. A correct experi-
mental planning permits to get more information with a lower
effort and reduces the subjectivity of the results increasing their
technical and scientific values. DOE generates a map of the
response over a specified region of independent parameters, so
it is possible to discover the critical variables, to define math-
ematical models and, by them, to optimise the product and the
process.”?

DOE is not very used in literature in spite of its efficiency in
the study of complex systems where more variables act simul-
taneously and in few works has been applied to rheological
studies.?23

2. Experimental procedure
2.1. Samples preparation

TiO, synthesis has been conducted in hydrothermal condition
starting from a 0.5 M solution of TiOCl, with the employment
of both a conventional and a microwave thermal treatment in
agreement with the procedure described elsewhere. !’

At first, several experiments have been carried out to deter-
mine the optimum conditions for the two investigated processes
in order to obtain titania nanoparticles with similar mineralogical
composition. On the basis of the results, microwave hydrother-
mal synthesis has been conducted using a 2.45 GHz microwave
digestion system (Model MDS-200, CEM, NC) at 160 °C for
5 min, while the conventional hydrothermal process has been
performed at the same temperature for 2 h.

The obtained nanoparticles have been washed several times
with double-distilled water to adjust the pH at neutral con-
ditions and successively treated with ethanol to reduce hard
aggregation.?® Titania powders were then redispersed with aque-
ous solution of HPC (molecular weight 100,000, Aldrich). The
concentration of HPC was varied from 0.5 to 1 wt.% with respect
to the total suspension weight. Inorganic solid content is 45 and
60 wt.%. The obtained suspensions have been stirred in a fast ball
mill for 2 and 20 min in order to perform the rheological mea-
surements. These ranges have been fixed considering possible
industrial applications, in particular textile coatings. While low
HPC values and short mixing time have been used for economic
reasons, the amount of solid has been chosen equal or lower
than 60 wt.% in order to prepare suspensions with a viscosity
not excessively high to be applied.

2.2. Samples characterization

The synthesized titania nanoparticles have been analysed
with a computer-assisted conventional Bragg—Brentano diffrac-
tometer using the Ni-filtered Cu Ko monochromatic radiation
(A=1.5418 A) (PW3710 Philips). The X-ray diffraction (XRD)
patterns have been collected at room temperature in a 26 range
of 20-80°, with a scanning rate of 0.005° s~! and a step size of
0.02°. The quantitative analysis of the obtained samples has
been performed by the combined Rietveld—R.I.R. (reference
intensity ratio) method. A 10 wt.% of corundum (NIST SRM
674a annealed at 1500 °C for 1 d to increase the crystallinity to
100 wt.%) has been added to all samples as internal standard. The
mixtures, ground in an agate mortar, have been side-loaded in an
aluminium flat holder in order to minimize the preferred orienta-
tion problems. Data have been recorded in the 5-140° 26 range
(step size 0.02° and 6 s counting time for each step). The phase
fractions extracted by the Rietveld—R.I.R. refinements, using
GSAS and EXPGUI, 2728 have been rescaled on the basis of the
absolute weight of corundum originally added to the mixtures
as an internal standard, and therefore internally renormalized.

Sample morphology has been examined by transmission
electron microscopy (TEM, JEM 2010, JEOL). For TEM
observation, specimens have been prepared by dispersing the
as-obtained powders in distilled water and than placing a drop of
suspension on a copper grid with a transparent polymer followed
by drying.

Suspensions shear stress values have been measured with a
Haake RS100 control stress rheometer, using a plate-cone sensor
system, where the cone has a diameter of 20 mm and 1° of angle.
This study has been conducted by applying a factorial design
statistical experimental method,?? with which informations on
the optimal operational parameters for producing aqueous sus-
pensions of monodispersed nanosized titania particles have been
obtained. Concerning the independent parameters: mixing time;
shear rate; solid and HPC content have been considered. The
run order for experiments has been randomised to counteract
any time-related effects. Least squares method and ANOVA
analysis have been used to define a mathematical model (Design-
Expert v. 7.0.3 by Statease), statistically valid, able to describe
the relationship between the independent variables and shear
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Table 1

Composition of the suspensions measured

Nr. Solid (%) Mixing time (min) HPC (%)
1 45.00 2.00 0.50
2 60.00 2.00 0.50
3 45.00 20.00 0.50
4 60.00 20.00 0.50
5 45.00 2.00 1.00
6 60.00 2.00 1.00
7 45.00 20.00 1.00
8 60.00 20.00 1.00

stresses measured. The values of the parameters are reported in
Table 1.

3. Results and discussion

XRD patterns of microwave and conventional hydrother-
mally synthesized TiO, nanopowders, obtained at 160 °C for
5 and 120 min, respectively, are shown in Fig. 1.

From the XRD, it can be seen that all titania samples are
mainly composed of the rutile phase with a minor amount
of anatase, independently on the synthesis method used. Fur-
thermore, a smaller peak broadening can be observed in C-H
nanopowders being dependent on the longer reaction time with
respect to the M—H route.

The quantitative analysis of the powders has been performed
in order to verify if the two processing methods have the
same influence on both the crystallinity and the composition
of the samples (see Fig. 2 as an example). The results of the
Rietveld-R.I.R. refinements, summarized in Table 2, show how
the synthesized nanopowders have the same mineralogical com-
position independently on the synthesis method used.

The morphology of the as-prepared titania powders observed
by TEM analysis is shown in Fig. 3. In all cases the TiO»
particles are aggregated into clusters in the range of several hun-
dred nanometers. The analysis shows that primary nanocrystals
obtained under C-H conditions are constituted of many spheri-
cal crystals of pure rutile phase (average dimension 30 nm) and
some rod-like shaped particles of anatase phase (80 nm x 20 nm)
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Fig. 1. X-ray diffraction spectra of (A) M-H and (B) C-H hydrothermally
synthesized nanopowders.

Lambda 1.5406 A. L-S cycle 1431 Obsd. and Diff. Profile
T T T

ol T il
o O
w
ol |
< ©

o .

<~

o =

o

NUE T Tl R U 37y TR

o |
f8oc e
=
o |
o
[&] L L L 1 1 L

20.0 40.0 60.0 80.0 100.0 120.0
2-Theta. deg

Fig. 2. Observed (crosses), calculated (continuous line) and difference curve
from the Rietveld—R.I.R. refinement of the M—H sample. Markers representing
the phase reflections correspond to corundum, rutile and anatase (from bottom
to top).

connected tightly to one another. Rutile is again the dominant
crystallized phase in the M—H titania nanopowders (10 nm) with
small amount of anatase (40 nm x 10 nm), but the lower particle
size with respect to the conventional ones suggest an extremely
rapid crystallization due to the generation of localized high tem-
peratures in the microwave field.

The statistical treatment of the rheological measurements has
enabled the elaboration of mathematical models and permitted
not only to simulate the suspensions behaviour, but also to eval-
uate the contribution of the various experimental parameters
involved in. The DOE study of the suspension rheology has been
carried out by measuring shear stress at five, equally spaced, dif-
ferent shear rates ranging from 50 to 250 s~ The choice of these
shear rates is due to the industrial textile applications where the
suspension have to be applied. The samples showed flow curves
with a non-Newtonian behaviour. It was verified fitting the data
with the Herschel-Bulkley law (Eq. (1))

o/l
o =0,+KY (D

where o is the shear stress (Pa), o, the yield stress (Pa), K the

consistency (Pas™ b, ); is the shear rate (s~!), and n is the power
law exponent.

The n parameters calculated for the samples are resulted both
lower (shear thinning) and higher (shear thickening) than one,?
due to the different parameters of preparation, confirming the
non-Newtonian behaviour of the suspensions.

Table 2
Phase composition (%) and standard Rietveld-R.I.R. agreement factors obtained
for the C—H and M—H samples

Phases % CH 160 °C, 120 min MH 160 °C, 5 min
Rutile 779 (2) 79.5(1)

Anatase 59() 5.1(1)
Amorphous 16.1 (1) 15.3 (1)

Total 99.9 99.9

x2 2.96 233

Rwp 0.043 0.038

Rp 0.031 0.027
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Fig. 3. TEM micrographs of (a) C-H and (b) M—H titania nanopowders.

A hysteresis between the up and down curves is evident in
some samples. It could be a signal of thixotropy that has to be
deeper investigated with further analysis. In Fig. 4, the graphs
of apparent viscosity versus shear rate for compositions 1 and 2
of Table 1 are reported as representative.

By ANOVA analysis, the coefficients with statistical rele-
vance have been defined, while by least squares method their
coefficients in the mathematical model have been calculated.
A base 10log transformation has been necessary to fit better
the measured data. The result of the analysis is the following
equation:

Logo = —4.88 + 0.10S — 0.07T + 6.23H + 0.017 + 2.77
x 1073ST — 0.10SH — 2.33 x 10747y — 8.87
x 1073 HY @)
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Fig. 4. Apparent viscosity versus shear rate for two different compositions
corresponding to a solid content of 60 wt.%.

where o is the shear stress (in mPa), S the solid content (wt.%),

T the mixing time (min), H the amount of HPC (wt.%) and )./ is
the shear rate (s~ 1).

The agreement between calculated shear stress values
obtained with Eq. (2) with respect to the measured ones is
very high, being the coefficient of correlation for 28 points
R?%=0.9408. However, it is necessary to remind that the model
has its validity only within the range of the independent variables
used.

3.1. Main effects

The solid content has a positive coefficientin Eq. (2). It means
that, when it increases, both the shear stress and the viscosity
increase as well. Such effect has been widely examined and it is
well known.3%3! It can be explained with the fact that the number
of impacts among the particles increases with the increasing of
the number of particles in suspension. The phenomenon deter-
mines energy dissipation that, at macroscopic scale, increases
the shear stress and the apparent viscosity. Solid content inter-
acts with other parameters, but the final influence remains the
same of the main effect.

On the contrary, the mixing time shows a negative coefficient.
It means that the parameter acts to decrease the shear stress. It
likely improves the dispersion grade of the solid in the sus-
pension avoiding the formation of TiO, aggregates. However,
it is also involved in interaction terms with other parameters
such as shear rate and solid percentage. Its influence on the sys-
tem is therefore more complex and better described in the next
paragraphs.

HPC addition has a positive coefficient because the shear
stress increases as the HPC content is also increased. This
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Fig. 5. 3D surface response of shear stress versus solid content and mixing time.
¥ = 150s~!; HPC=0.75%.

behaviour is unexpected, but could be explained considering
the flocculation effect of the deflocculant when it is added in an
excessive amount (over-deflocculation). This phenomenon can
be also observed when HPC is added to water alone: the system
increases its viscosity according to the percentage of the organic
substance used. Finally, it is important to remark that HPC per-
centage is involved, as mixing time, in interactions with solid
content and shear rate so its global effect must be evaluated
considering also the influence of the other parameters.

Finally, the shear rate coefficient has found to be positive
in agreement with other rheological studies on ceramic suspen-
sions, but binary interactions are, also in this case, statistically
significant and, consequently, the global effect is slightly com-
plex.

Comparing these main effects and considering their relative
magnitudes, solid content is the most important parameter.

3.2. Interaction among the parameters

All the analysed parameters show mutual binary interactions.
The 3D surface plot of o versus the solid content and the mixing
time is shown in Fig. 5. HPC and shear rates are kept constant
at, respectively, 0.75 wt.% and 150s~!. The response is repre-
sented by a surface that strongly increases when mixing time and
solid also increase, even if they have opposite coefficients when
individually considered. This behaviour is less evident at the
lowest solid content due to the low viscosity of the suspension.
The occurrence that mixing time increases the shear stress only
when associated with the solid content is less expected. In fact,
it should improve particles dispersion with a consequent reduc-
tion of shear stress or, at least, a lower increase rate. Even if the
mixing time main coefficient in Eq. (2) is negative, the global
result is the product of the sum of two synergic effects: with the
solid content (coefficient in Eq. (2) equal to +2.77 x 10~3) and
with the shear rate (coefficient in Eq. (2) equal to —2.33 x 10~4).
Low mixing time seems to reduce the effect on shear stress due
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Fig. 6. 3D response surface for shear stress versus shear rate and mixing time.
Solid content =52.50 wt.%; HPC =0.75%.

to the increasing of solid content. Even though in this work such
phenomenon has not been deeply discussed because it is not the
main purpose of this paper, the inclusion of air in the suspension
during the mixing step is the main suspected of this behaviour.
Air bubbles could act as an additional phase that, even if dif-
ferent with respect to TiO;, however contribute to increase the
shear stress and the viscosity as well. They could be considered
equivalent to soft particles deformed or broken at higher shear
rates. In Fig. 6, shear rate and mixing time versus shear stress
is presented. As expected, at low mixing time, o increases with

L]

¥ while, at high mixing time, the trend is reversed or the shear

stress almost does not change when shear rate increases. Con-

sidering the previous hypothesis, if the mixing time produces
L]

air bubbles inside the suspension, when ¥ increases, bubbles
could be broken with the consequent reduction of o. Obviously,
at high mixing time, when the concentration of bubbles is high,
the effect appears more evident.

The deflocculant effect of HPC and mixing time on shear
stress is shown in Fig. 7. This behaviour is well known in rheol-
ogy science of suspensions: the organic additive reduces shear
stress and viscosity. Moreover, HPC reduces the effect of mixing
time on the shear stress and, consequently, on the viscosity, espe-
cially at the higher solid content. This result can be explained
considering that HPC reduces the inclusion of air in the suspen-
sion by lowering its viscosity. In fact, at low viscosity, bubbles
are able to get to the surface and to leave it faster than when
the viscosity is high. As explained above, the concentration of
bubbles affects the shear stress value. Passing from low to high
percentage of TiO,, a change of o surface is observed. At low
solid content, when HPC increases, the shear stress shows an
increment below 180s~! while, at medium and high solid con-
tent, HPC reduces the shear stress. This effect can be related
to the fact that HPC is added in percentage with respect to the
total weight of the suspension. To a given percentage, when the
concentration of TiO, is at its lower values, the effective HPC
concentration on the particle surface is probably higher than
when the solid content is medium or high. Considering the well
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Fig. 7. The effect of mixing time and HPC wt.% on shear stress o- }./ =150s"";
solid content =52.50 wt.%.

known effect of over-deflocculation, the optimal concentration
of HPC decreases when the solid content also decreases and vice
versa. Over 180 s~!, the shape of the shear stress surface changes
its slope, but the reasons are not clear and further studies have
to be pursued.

HPC contributes to reduce the shear stress growth rate when
shear rate increases, as shown in Fig. 8. From a qualitatively
point of view, the surface shape does not significantly change
with the variation of solid percentage and mixing time even if
the shear stress increases as the solid is increased and vice versa.
Also in this case the mixing time shows a pejorative effect on
the shear stress.

The analysis using DOE has highlighted the importance of
interactions on the final effect of the parameters. In general,
interactions are less important than main parameters, but in some
cases their influence is so important to change significantly the
analysis of the system. In particular, the mixing time is strongly

720
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Fig. 8. Effect of shear rate and HPC% on shear stress o. Solid con-
tent =52.50 wt.%; mixing time =11 min.

affected by interaction with the other parameters that overturns
the main effect.

4. Conclusions

The DOE approach has proved to be an efficient method to
study the rheology of nanoparticle suspension. Mathematical
models can be used to predict and better analyse its behaviour
in different condition with a limited number of experimental
tests. In this study, the obtained model has confirmed the effect
of solid content; HPC percentage and shear rate on shear stress
while it has highlighted the effect of mixing time as growth factor
of shear stress. The agreement between calculated shear stress
values with respect to the measured ones is very high for all the
samples and shear rates.

A synergic interaction has been observed between mixing
time and solid content on the increasing of shear stress. The
effect is probably due to the inclusion of air in the suspension
during the mixing step. The HPC confirm its deflocculant effect
on the suspension. Moreover, it reduces the effect of mixing time
on the shear stress and, consequently, on the viscosity, especially
at the higher solid content.
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