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ABSTRACT

Understanding the influence of storage
time on the rheological properties polymeric
fumed silica gels is very important in the
field of composite polymer electrolytes. A
rheological study of the aging process of
Aerosil R805 suspension in Polypropylene
Glycol Mw2000 has been carried out by

means of steady and  oscillatory
experiments.
INTRODUCTION

Fumed silica is an amorphous, non-
porous form of silicon dioxide (SiO;) with a
very low density and a powdery appearance.
It is prepared by flame hydrolysis of silicon
tetrachloride (SiCly) in an oxyhydrogen gas
flame with the end product consisting of,
typically, primary spherical particles of
~10nm in diameter and the surface areas
between 100 to 400 m” per gram, due to the
branched structure of the aggregates. These
characteristics give fumed silica interesting
and convenient properties as a reinforcing
material, as well as thickener agents, due to
its ability to create three-dimensional
networks. Silanol groups are found on the
surface of fumed silica particles, which are
responsible for its hydrophilic behaviour
(Si-OH) due to they give the possibility of
interactions through hydrogen bonding not
only between particles, but also with solvent

media and polymersl’z. These silanol

groups can be replaced by other functional
groups, so that interactions between

particles or particle-medium can be tuned.
That is the case of Aerosil® R8&05, which has
been obtained after treating fumed silica
(Aerosil® A200) replacing on the particle
surface partially the silanol groups by
octadecylsilane chains. Due to the presence
of these chemicals bounds on its surface it
can no longer be wetted into water. This
hydrophobic silica has found numerous
applications in the most diverse sectors of
industry in many areas, coating and fibre
optics technology for instance, and some of
them would not have been possible with
hydrophilic silicas3.

When such nanoparticles are added to a
continuum phase to prepare a colloidal
dispersion, three states of aggregation are
likely to occur: ® particulates do not interact
with each other (or interactions are minimal)
and remain isolated, ” fumed silica particles
form clusters or flocs, and 9 a three
dimensional network is formed by
flocculation of the clusters. The first
situation is known as a stable suspension
and the last one is usually referred to as a

gel4. These systems also exhibited different
self-similar (fractal) structures depending on
the nature of the solvent. Scaling
relationships showing the dependence of
elastic modulus on fractal dimension of the
network and volume fraction have been
proposed>.

In this work Polypropylene Glycol Mw
2000 has been used to prepare non-aqueous
suspensions of Aerosil® R805 5% v/v. The



presence of octadecylsilane chemical
bounds on the surfaces of silica particles
may let them develop a three-dimensional
network without interacting chemically with
polypropylene chains. So a flocculated
suspension is formed. The interest in this
class of suspensions stems, for example,
from its application as composite polymer
electrolytes in rechargeable lithium batteries

since high ionic conductivity of low
molecular weight polymers can be
combined

with the high mechanical properties that the
fumed silica networks provide to these
materials, letting design batteries for any

shape and size0-9.

The purpose of this work is to study the
influence of storage time on the rheological
properties of Aerosil® R805 dispersions in
Polypropylene Glycol molecular weight
2000g/mol 5% v/v.

MATERIALS AND METHODS

Aerosil® R805 has been used as filler in
a matrix of PPG. The specific surface area
BET of this fumed silica is 150+25g/m’.
The average primary particle diameter is
12nm. It is presented as a fine white powder,
with a purity of 99.8% and it was used
without any additional purification process.

Polypropylene glycol shows Newtonian
behaviour at room temperature. It is a polar
medium with hydrogen-bonding capacity.
So, the polypropylene glycol can easily
form hydrogen bonds through its terminal —
OH groups o internal ether group.
Polypropylene Glycol Molecular weight
2000g/mol (PPG2000) has been used
without any additional modification process.

The samples were prepared by adding
the solvent to the fumed silica in a blender
and mixing for five minutes at 400rpm. This
was determined to be the minimum mixing
time and velocity to ensure reproducibility
between batches. They were prepared in
batches of 35ml and placed afterwards under
vacuum and sonication for lh in order to
remove air bubbles. The concentration of
silica was 5% by volume. The solids volume

fraction, which was calculated using the
density of the solvent (1.00g/cm” for
PPG2000) and the fumed silica (2.2g/cm’),
represents the volume of fumed silica would
occupy if it were in a compacted state. The
open structure of the fumed silica, however,
renders the effective volume fraction
significantly larger than this calculated
value.

After preparing the batches, they were
divided into two samples: one of them was
studied along the same day (fresh sample)
and the other one was kept in the fridge at
5°C for 24 days (old sample) with the
purpose of ensuring that no denaturalization
of the polymer matrix occurs.

Steady and oscillatory experiments have
been carried out in this work to characterise
the behaviours of these suspensions. The
rheological study was carried out with a
rheometer RheoStress RS600 (Haake). A
cone-plate sensor system was used, which a
diameter of 35 mm and an angle of the cone

of 2°. All the experiments were carried out
at 25.00+0.05°C.

It is well known the thixotropic
behaviour of fumed silica suspensions in
other polymers. Therefore, these

suspensions may present preshear history
dependent behaviour. In order to make sure
the results of the experiments will be
reproducible, previous to the experiment the
sample is undergone to a preshear stage at a
certain shear rate value until it achieves a

steady state in these conditions! 011, This
value of shear rate has been previously
determined and it is the highest value of
shear rate which let the system keeps its
reversibility. In this way, we ensure that the
previous shear history had been eliminated
and the reversibility of the sample was
conserved. After that preshear stage, the
sample was left at rest for 300s in order to
let the system develop an initial structure
level. For fresh samples the maximum shear
rate value which keeps the reversibility of
the system up to a 90% is 10s”', while for
old samples it is 2.5s™".



RESULTS

Viscosity Curve

The viscosity curve gives the
equilibrium viscosity value at any shear rate.
Both samples show shear thinning
behaviour, as it can be observed from Fig.1.
It can be seen that both fresh and old
samples exhibit almost the same behaviour,
since their viscosity curves almost overlap
one to each other.
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Figure 1. Viscosity curve and power-law
fittings.

So there are two ranges of behaviour,
one for shear rates lower than the deflecting
point (y,,7,), and another for higher
values. In both ranges they follow a power-
law tendency, see Eq. 1, where k is called
consistency and n is the power-law index,
establishing the dependence with shear rate.

n=ky" (M
Table 1 contains the power-law
parameters which come from fitting Eq. 1 to

each one of the slopes in viscosity curves.

Table 1. Power-law parameters.

Sample K n
Fresh (7 <7,)| 1120014 |0.911+0.001
Fresh (7 >7,) | 126.3£0.2 |0.328+0.003

Old (7 <74) 34080+5 | 0.974+0.002
Old (7 >7,) |150.41+0.04 | 0.338+0.001

Although they have shear thinning
behaviour with two slopes, they differ
slightly in the deflecting point, as well as the
parameters of fitting (see Table 1). Both
samples show a first slope with a value for n
close to 1, so at very low shear rates their
behaviour is close to Newtonian so it can be
said that in this range it has almost non
dependence with shear rate. For shear rates
higher than the deflecting point they exhibit
a power-law index value rather far away
from 1, being slightly higher for the old
sample.

It is not a weird result, because the
chemical nature of silica and suspending
media is the same for both samples, so that
the energy of the links formed between
silica particles might be almost the same
and, consequently, the rate of breaking them
down as well. The fact of having a value for
n rather different to 1 confirms they have a
noticeable shear thinning behaviour.

Related to consistency, the value for the
old sample is higher than for the fresh one
and it might be a consequence of the
presence of a more widespread network, due
to the fact of having more time to develop
the structure.

Transient states

As it has been already described, the
silica particles form a network inside the
polymer matrix which can breakdown and
rebuild-up, depending on the applied shear
rate at which and the structure level
developed at each moment. So it seems
rather possible that this process of breaking-
down and building up might be time
dependent. In order to check whether there
really is or not a time dependence step-wise
experiments have been carried out. As it is
well known, fumed silica exhibits thixotropy
in other suspending media, so it seems
interesting to study if inside the range of
reversibility in shear rate it really shows this
behaviour or not. However, with the purpose
of highlighting the effect of aging, the same
step-wise experiment has been developed.




So, three steps have been applied
consecutively: From 0 to 0.1s™, from 0.1 to
557 and from 5 to 0.1s™.
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Figure 2. Old samples’ answer for step-wise
experiments.
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Figure3. Fresh samples’ answer for step-
wise experiments.

As it can be observed (Figs.2 and 3), both
samples exhibit time dependent behaviour,
although there two an important differences
between them: The first one is that the old
ones are not reversible when they are
undergone 10s™; and the second one is that
the old ones, under the effect of the first
step, they do not exhibit an elastic answer.

Stress sweep
Stress sweep lets determine de limit of

the linear viscoelastic (LVE) region at a
certain frequency value. In all samples at
any frequency, the storage modulus (G)
leave being linear at lower values for shear
stress than the loss modulus (G’’), so it is
considered to calculate this limit for LVE.
As it can observed in data from Table 2, the

older the sample is, the higher the shear
stress that the system can suffer keeping its
linear behaviour and the higher the values
for G’ are. This result agrees with the
analysis done for the results given by the
step-wise experiment, the old samples have
more solid like behaviour.

Table 2. Values for the limit of LVE region

at 1rad/s.
Sample TLVE G’
(Pa) (Pa)
Old 3.38 2934
Fresh 2.87 1271.43

Both samples have a critic value for
shear stress in which a transition sol-gel
occurs and G’ is over G’ and the viscous
behaviour is dominant. This critic value is
higher for fresher samples.
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Figure 4. Shear Stress value for the limit of
LVE region at 1rad/s.

Frequency sweep

This is an oscillatory test with variable
frequency and constant shear stress value,
selected inside the LVE range, so in both
samples the elastic behaviour (G’>G’’)
dominates over the viscous, showing gel
character. It can be seen in Fig.5 that both
systems exhibit the same shape for their
curves, having higher values for viscoelastic
moduli the old one (see Fig. 5). This result
also agrees with the previous ones.
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Figure 5. Frequency sweep experiment
inside the LVE.

Previous studies!2 have stated that silica
particles aggregate following a fractal order.
The fractal dimension (dy) can be calculated
from the results obtained with frequency
sweep experiments.

Complex viscoelastic modulus (G*)
depends on frequency following a power
law equation (see Eq. 3 and Fig.6).
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Figure 6. Complex modulus Vs frequency.

Table 3. Power law fitting parameters and
fractal dimension.

Sample G*y(Pa) n dr
Fresh 1057.08 | 0.220 | 1.431
Old 2916.6 | 0.258 | 1.418

The exponent n of the power law
equation (Eq.2) can be related to the fractal
dimension d by the Eq.3.

dld+2-2d,)

n= 3)
2@d+2—df D

Where d denotes the space dimension (d=3
for a three dimensional network).

So fractal dimension for each sample has
been calculated (Table 3). A lower value for
this parameter implies a more open
structure. However, in this case it seems that
there are almost no differences in the kind of
fractal aggregation.

CONCLUSIONS

The influence of storage time on
dispersions of Aerosil® R805 in PPG2000
has been studied. Both samples have gel
appearance at rest, which means that silica
particles have developed a three
dimensional network inside the polymer
matrix. In order to determine the properties
and differences between them, they have
been undergone to steady and oscillatory
experiments. All results agree with the idea
of the longer the storage time, the more
developed the structure is.

ACKNOWLEDGMENTS
Acrosil® R805 used in this study has
been supplied by Degussa A.G.

REFERENCES

1. Raghavan S.R., Walls, H.J., and Khan,
S.A. (2000) “Rheology of Silica Dispersions
in Organic Liquids: New Evidence for
Solvation Forces Dictated by Hydrogen
Bonding”, Langmuir, 16, 7920-7930.

2. Paquien, J.N., Galy, J., Gerard, J.F., and
Pouchelon, A. (2005), “Rheological studies
of fumed silica polydimethylsiloxane
suspensions”, Colloids and Surfaces A, 260,
165-172.

3. Ettlinger, M., Ladwig, T., and Weise, A.
(2000),” Surface modified fumed silicas for
modern coatings”, Progress in Organic
Coatings, 40, 31-34.



4. Raghavan, S.R., and Khan, S.A., (1995),
“Shear-induced microstructural chages in
flocculated suspensions of fumed silica”,
Journal of Rheology, 39 (6), 1311-1325.

5. Rueb, C., and Zukoski, C.F., (1997),
“Viscoelastic properties of colloidal gels”,
Journal of Rheology, 41 (2), 197-218.

6. Khan, S.A., and Zoeller, N.J., (1993),
“Dynamic  rheological  behavior  of
flocculated fumed silica suspensions”,
Journal of Rheology, 37 (6), 1225-1235.

7. Li, Y., Fedwik, P.S., and Khan, S.A.
(2002), "Lithium/V¢O;3 cells using silica
nanoparticle-based composite electrolyte",
Electrochimica Acta, 47, 3853-3861.

8. Walls, H.J. et al., (2000), “Fumed silica-
based composite polymer -electrolytes:
synthesis, rheology, and electrochemistry”,
Journal of Power Sources, 89, 156-162.

9. Khan, S.A., Baker, G.L., and Colson, S.,
(1994), “Composite Polymer Electrolytes
Using Fumed Silica Fillers: Rheology and
Ionic Conductivity”, Chem. Mater., 6, 2359-
2363.

10. Kosinski, L.E., and Carathers, J.M.,
(1984), “Rheological properties of Poly
(Dimethylsiloxane) Filled with fumed silica:
II. Stress relaxation and stress growth”, J.
Non-Newtonian Fluid Mech., 17, 69-89.

11. Dullaert, K., (2005), "Constitutive
equations for thixotropic dispersions", PhD
Thesis, Dept. Chemische Ingenieurtechnien,
Katholieke Universiteit Leuven (Belgium).
12 Jokinen, M., Erika Gyoérvary, E., and
Rosenholm, J.B., (1998), “Viscoelastic
characterization of three different sol-gel
derived silica gels”, Colloids and Surfaces
A, 141, 205-216.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [2383.937 3370.394]
>> setpagedevice


