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In a mixture of sodium silicate and low concentrated sulfuric acid, nano-sized silica particles grow and
may aggregate to a system spanning gel network. We studied the influence of the finite solubility of silica
at high pH on the mechanical properties of the gel with classical and piezo-rheometers. Direct prepara-
tion of the gel sample in the rheometer cell avoided any pre-shear of the gel structure during the filling of
the rheometer. The storage modulus of the gel grew logarithmically with time with two distinct growth
laws. The system passes the gel point very quickly but still shows relaxation at low frequency, typically
below 6 rad/s. We attribute this as a sign of structural rearrangements due to the finite solubility of silica
at high pH. The reaction equilibrium between bond formation and dissolution maintains a relatively large
bond dissolution rate, which leads to a finite life time of the bonds and behavior similar to physical gels.
This interpretation is also compatible with the logarithmic time dependence of the storage modulus. The
frequency dependence was more pronounced for lower water concentrations, higher temperatures and
shorter reaction times. With two relaxation models (the modified Cole–Cole model and the empirical
Baumgaertel–Schausberger–Winter model) we deduced characteristic times from the experimental data.
Both models approximately described the data and resulted in similar relaxation times.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Aggregated colloids (colloidal gels) are important in everyday
life and for fundamental research. The tunability of the system
and the analogy to atomic systems have motivated a strong scien-
tific interest in the dynamic behavior of colloidal gels [1–5]. In col-
loidal and molecular systems gelation is introduced by attractive
interactions between the constituents (molecules, colloids or even
more complex hierarchical structures like crystallites). The de-
tailed mechanism may differ significantly from system to system.
According to the durability of the bond between the constituents,
gels are often classified as either chemical [6,7] or physical gels
[8–11], where chemical gels are assumed to have bonds of an infi-
nite life time and physical gels have bonds of a finite life time. For
both, the constituents aggregate and the growth of clusters eventu-
ally leads to the formation of a system spanning network. Often the
state of a gel depends on its history, i.e., the system is non-ergodic.
Whereas chemical gels typically approach a final state, physical
gels get trapped in non-equilibrium states and tend to age even
after long periods of time.

Similarities between physical and chemical gels have been
demonstrated by many studies. In the percolation model, the gel
point is defined as the time, when the ratio between the real and
imaginary part of the shear modulus, i.e., the loss tangent, is inde-
pendent of the frequency. This behavior has been found in polymer
(chemical) gels [12,13] and physical gels [14,15]. The physical gel
of PVC plastisols exhibits the same power law relaxation as a
chemically cross-linking system [15]. Furthermore, physical gels
and glassy systems were often compared in the literature. It was
reported that the dynamics of gelatin gels (physical gel) share
characteristics with glassy systems on ergodic-to-non-ergodic
transition kinetics [16], memory [17] and aging [18] effects. The
relaxation to a non-ergodic background in gelatin gel was also
found to be very similar to the relaxation pattern in glasses [19].

Besides the scientific interest, further understanding of gel sys-
tems has considerable impact for industry. Inorganic particles are
widely used as filler particles in many applications. Examples in-
clude plastic parts, paints, coatings, pharmaceuticals, cosmetics,
and food products. A cheap and efficient way of making such filler
particles is to synthesize particle aggregates and mill them after-
wards to the desired size. A prominent example is precipitated sil-
ica gel, also called silicic acid gel. Almost spherical silica particles
are formed by fragmentation of the gel [20,21].

The characterization of precipitated silica gel began already in
the 1920s [22]. In a series of the studies, Hurd discussed the influ-
ence of reactant variations [23,24] and temperature [25] on the
gelation time. The chemical process and gelation phenomenon
were detailed by Iler and Brinker [20,26]. By acidifying a soluble
silicate, the silicic acid is firstly formed, which then reacts to form
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primary particles by condensation. The suspended particles grow
further and aggregate with each other. That leads to a particle net-
work, which extends throughout the system and forms a gel
[20,27].

The time-dependence of the viscosity was investigated for the
precipitated silica gel before its gel point by rheological measure-
ment. Two stages were noted: a slow increase of viscosity during
the preliminary stage, which was attributed to the formation of
colloidal particles, followed by a rapid viscosity growth, for which
the particle size determines the rate [28].

The relaxation processes in silica gels were studied theoretically
[29] and experimentally by the 3-point bending method [30,31].
Wet gel bar samples were immersed in the bath of their medium
liquid and the modulus was measured as the load required to pro-
duce a constant deflection [32]. The relaxation is understood as the
sum of hydrodynamic and viscoelastic relaxation, which is caused
by flow of the liquid medium in the system and irreversible defor-
mation of the network under load. The chemical attack, i.e., hydro-
lysis, of the medium liquid on the gel was believed to be the reason
for the relaxation in silica gel. When there is water in the medium,
the silica bonds dissociate in the water (bond breakage) [30].

Our study focuses on the time and frequency dependent dy-
namic moduli of precipitated silica gel. The rheological properties
of our silica gel exhibited a number of similarities to physical gels
and weak colloidal gels. We observed a logarithmic growth of the
storage modulus with time as previously found with physical gels
[15,18]. This logarithmic time dependence is usually attributed to
bond reversibility which can lead to a structural change, different
from a chemical gel. The dynamic similarity between precipitated
silica gels and physical gels was also found in the frequency sweep
test. In comparison, a gel of chemically bound hard particles is ex-
pected to show a constant, frequency independent storage modu-
lus at low frequencies, since the relaxation time exceeds the
experimental time window [33,34]. The experiments we per-
formed were at concentrations close to the percolation threshold,
i.e., close to the minimal concentration of reactants, which is nec-
essary to form a system spanning network. The behavior of the sys-
tem was sensitive to external parameters. The influence of water
concentration, temperature and time on the frequency dependence
was studied. To understand the frequency dependence further, we
applied two relaxation models: the modified Cole–Cole and Bau-
mgaertel–Schausberger–Winter (BSW) models to analyse the
experimental data.

In the discussion, we concentrate on the following points: 1. Is
the precipitated silica gel at high pH-value a ‘‘real’’ chemical gel? 2.
Can the relaxation models developed for polymer systems describe
the relaxation behavior of silica gel? 3. Are there any unifying
relaxation features for the silica gel in comparison to physical gel
behavior?
Fig. 1. (A): SEM image of the silica gel. The sample was prepared 1 h after mixing of
the reactants and kept at T = 100 �C for 3 days in a vacuum oven for complete
drying. (B): Setup of rheometer Couette cell with sample (blue) and evaporation
blockage layer (red). The inner cylinder rotated oscillatorilly. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
2. Material and methods

2.1. Material

The reactants are sodium silicate solution (Natronwasserglas
37/40�, 40 wt.%, kindly provided by KRUSE-GROUP, Hanau, Ger-
many) and sulfuric acid (96.4 wt.%, Fisher Scientific GmbH, Schw-
erte, Germany), which was diluted with milli-Q water to
3.2 wt.%. All reactants were used as provided without further puri-
fication. The sodium silicate has a molar SiO2:Na2O ratio of 3.3,
which is typical for the production of precipitated silica and gels.
The volume ratio between the sodium silicate solution and the di-
luted sulfuric acid solution was fixed as 1:2. As detailed below, if
desired, the solution was further diluted with milli-Q water. The
concentrations were chosen to adjust the gelation time in an
experimentally accessible time window. Depending on the water
content, the time to form a gel varied from about 20 min to 5 h,
long enough to prevent gelation during experiment preparation,
and short enough to efficiently avoid evaporation (see below). All
samples originated from the same batch of sodium silicate to avoid
batch-to-batch variations.

Silica gel without additional water was alkaline with a pH-value
of 11.0 ± 0.1 at room temperature T = 23 �C, as measured with a
pH-meter (Lab 850, Schott Instruments, Mainz, Germany). The
pH-value remained constant during the reaction. The pH-value de-
creased to 10.9 ± 0.1 when the temperature was increased to 50 �C.

The solubility of silica in water increases strongly with pH [28].
Silica bonds can dissolve at pH-values above 9. The silica gel be-
comes reactive and quickly assumes a reaction equilibrium. The
chemical reactions involved have been described in detail previ-
ously [20,21,35] and can be written as [35]:
Na2O � xSiO2 þH2SO4 � xSiO2 þ Na2SO4 þH2O
with x = 3.3 in this study. The appearance of the sample changed
from a transparent and colorless solution immediately after prepa-
ration to a slightly turbid solid at the gel point to a white gel after
several hours. The gel consisted of aggregates of primary particles,
which were visible in scanning electron microscopy (SEM) images
(Fig. 1A). The image illustrates the typical size of aggregates with
diameters of 60–130 nm. The sample for SEM was prepared 1 h
after mixing the reactants and was then kept at T = 100 �C for 3 days
in a vacuum oven to remove the water from the sample.

In order to investigate the influence of the reactant concentra-
tion, extra water was added to the reaction mixture. We denoted
the amount of extra water by the ratio R, defined as the additional
water volume divided by the total solution volume (including the
additional water).
R ¼ Vadditional H2O

Vsolution
ð1Þ
We varied R from 0% to 20%. The silica volume fraction in the sam-
ples with R = 0%, 10% and 20% were 8.6%, 7.3% and 6.3%, respec-
tively. The pH-value at T = 23 �C decreased from 11.0 ± 0.1 for
R = 0 to 10.9 ± 0.1 for R = 20%. By slightly decreasing the pH value,
additional water shifts the reaction equilibrium in the direction of
undissolved silica bonding since silica solubility decreases. Further-
more, the temperature controls the rate at which bonds form and
open. So the life time of the silica bonds can be adjusted by these
parameters.
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2.2. Experimental method

The rheological experiments were performed in a strain con-
trolled rheometer (ARES-LS, Rheometric Scientific Inc., Piscataway,
NJ, USA) equipped with a Couette cell and also a homemade piezo-
rheometer. For the ARES rheometer, the diameters of cup and inner
bob are 27.0 mm and 25.0 mm, respectively, and the length of bob
is 32.0 mm. The sample volume was 2.61 ml. The experiments
were performed in the strain-controlled oscillatory mode to obtain
the frequency dependent storage modulus G0 and loss modulus G00.
A strain of c = 0.0005 was chosen (see below), to avoid strain-in-
duced changes in the sample. Due to this low strain the resolution
limit of the transducer (0.02 g cm) corresponded to a lowest mea-
surable complex modulus of 115 Pa.

After mixing for 30 s, the reactants were filled into the rheom-
eter cup. It was checked by visual inspection that no air bubbles
were in the system. Immiscible oil was placed as an evaporation
barrier on the exposed top surface of the sample (Fig. 1B). With this
method, no evaporation effects were observed during the measure-
ments. Since the oil was immiscible with the water-based solution,
it stayed at the top of the sample and did not affect the measure-
ment results.

Alternative rheological measurements were performed with a
homemade piezo-rheometer, which functions as a strain-con-
trolled plate-plate rheometer. A piezo actuator applies a defined
shear strain on the sample. A second piezo actuator detects the
stress propagated through the sample [36–38]. Details about our
homemade piezo-rheometer were reported by Roth et al. [39].
We used a gap distance of 100 lm. A 15 lL sample was placed be-
tween the two parallel glass substrates. As an evaporation blockage
layer, polydimethylsiloxane (molecular weight approx. 8000 g/
mol) was filled around the sample. We checked that the evapora-
tion barrier had no measurable contribution to the results reported
in this work.

The preparation of the sample (mixing, inserting into the rhe-
ometer, adding the evaporation blockage layer, starting the data
acquisition) lasted typically 2 min. Slight differences (less than
2 min) of experiment preparation time and composition of the
samples could not be excluded for each individual measurement.
Since acquisition times were at least several thousands of seconds,
these time differences were negligible. To prevent any shear his-
tory effects all samples were filled into the rheometer in the sol
state. For this reason no sample was used with gelation times
shorter than 5 min.
Fig. 2. The growth of the moduli for a gel with R = 0 at c = 0.0005, T = 23 �C, and
x = 10 rad/s in linear-log (A) and log–log representation (B). In the time sweep (ts,
circles) only one out of 50 data points is shown. With a repeated frequency sweeps
(fs, squares), moduli were measured in the frequency range from 0.1 to 30 rad/s.
Only points for x = 10 rad/s are shown. (C): Zoom of the data at low storage
modulus range (G0 < 104 Pa). All data points of the time sweep are shown. The fit
3. Results

In the following we present results as a function of time, fre-
quency, composition, temperature, and reaction time. First we
determined the maximum allowed strain for a linear response to
be c = 0.0035. Below this value the mechanical response of the
sample did not depend on the applied strain amplitude (Supple-
mentary material, Fig. S1). A strain c = 0.0005 was chosen for all
measurements to ensure that all data was collected in the linear re-
gime. The gelation process was then followed by either measuring
at a fixed frequency of x = 10 rad/s (time sweep) or by repeatedly
taking mechanical spectra in the frequency range of x = 0.1–
30 rad/s (frequency sweeps). The time sweep data gave us the time
dependence up to 104 s. From the frequency sweep data we could
analyze the evolution of the frequency dependence.
lines (dashed) show the linear relation between G0 and log (t). The intersection of
both fits gives the separation between regime I and II. As discussed in detail in
Section 4.1, this may mark the change from the aggregation of primary particles to
the strengthening of the particle–particle bonds (see sketch). Fig. 1A corresponds to
the last stage in the sketch. The sol state and the percolation process is not
observable in this experiment.
3.1. Time dependence

The experiments show a number of common features in the
gelation behavior, which we first describe on the example of the
silica gel with R = 0 and at T = 23 �C. Moduli of the gel were mea-
sured with time sweep and repeated frequency sweeps. With the
help of time-resolved rheometry [40], the temporal evolution of
the storage modulus G0 and the loss modulus G00 were obtained
from the repeated frequency sweeps. From the repeated frequency
sweeps, the data points measured at x = 10 rad/s were extracted
and plotted as a function of time (Fig. 2 squares). Then they were
compared with time sweep results (Fig. 2 circles). The good agree-
ment of both curves demonstrated the compatibility of these two
experimental methods. A linear relation between the mechanical
moduli (G0,G00) and the logarithm of the reaction time t was mea-
sured (Fig. 2C). This feature is also typical for physical gels
[15,18], see also Section 4.1.

In Fig. 3, the storage modulus G0 and loss modulus G00 are plotted
as function of time t for different compositions. An increase of
additional water from 0% to 20% shifted the modulus growth curve
to longer times by about one decade. This demonstrates the high
sensitivity of the gelation process to the gel composition. Such a
strong influence of the concentration on the gelation time is ex-
pected, since the experiments were carried out at concentrations
close to the percolation threshold.

At the chosen strain, the response of the sol and the early gel
were below the resolution limit of the rheometer (Section 2.2)
and could not be measured. Consequently, the gel point was not di-
rectly observable.

The overall shape of the time evolution was more or less inde-
pendent of composition (Fig. 3A). To account for the change in time
scale, we introduced a characteristic time of the gel formation
(Fig. 3B). It turned out to be helpful to fit the storage modulus in
the range below 600 Pa with a logarithmic time dependence.

G0 ¼ A � log
t

tchar

� �
; ð2Þ

where A and tchar are fit parameters. The x-axis intercept of the fit-
ted line (the extrapolation of the fit is set to 0) is defined as the
characteristic time tchar. This characteristic time is also connected
with (but not identical to) the gelation time, as defined through
rheological data taken while passing the gel point. We assume that
tchar and the gelation time show the same dependencies (Fig. 3C).



Fig. 3. (A): The evolution of the moduli with time for gels with increasing R, i.e.,
amount of additional water. The data was measured with time sweeps at c = 0.0005,
at T = 23 �C and x = 10 rad/s. (B): The characteristic time tchar was defined as the x-
axis intercept of a logarithmic time dependence, which was fitted for the data
G0 < 600 Pa. (C) The characteristic time tchar increased with R.

Fig. 5. (A): The frequency dependence of moduli of gels with various R. The data
was measured with frequency sweeps, at c = 0.0005, T = 23 �C, and t = 4 tchar. (B):
The same data normalized with G0plateau ¼ G0ð20 rad=sÞ, emphasizing the deviation
from the plateau.

Fig. 6. Comparison of the frequency dependence of the normalized moduli
measured with a classical and a piezo-rheometer.
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Next, the time dependence of gel development was studied at
temperatures T = 23, 30, 40, and 50 �C (Fig. 4). For temperatures
up to 40 �C, the characteristic time increased with temperature.
However at T = 50 �C the characteristic time decreased again to a
value between that for 23 and 30 �C. The development of the gel
at long times (t > 3 � 103 s, as measured from the slope in the
semi-log plots) continuously decreases with increasing tempera-
ture. At about t = 5000 s we observed a crossing of G0(T = 50 �C)
with G0(T = 30 �C). This will be further discussed in Section 4.1.

3.2. Frequency dependence

The frequency sweeps revealed (Fig. 5A) that the storage mod-
ulus G0 was constant at high frequencies (above about x = 6 rad/s),
but frequency dependent at low frequencies. Typically the G0 chan-
ged by about a factor of 2 between 0.1 and 6 rad/s. The increase of
G0 at low frequencies is at least 4.6 times larger than what would
be expected from the pure aging of the gels (compare Fig. 2).
Therefore, the frequency dependence of the sample can clearly
be separated from its time dependence. Corresponding to this
behavior we also observed a weak maximum in G00 for the gel with
R = 0. The resolution limit of the rheometer leads to data scatter in
G00 at frequencies beyond 30 rad/s. For this reason we limit the fre-
quency range of the data shown here to the frequencies below
30 rad/s (see Fig. S1 for more details).
Fig. 4. The time dependence of moduli at different temperatures (R = 0, measured
by time sweep, c = 0.0005 and x = 10 rad/s). Inset: The data at low storage modulus
range (G0 < 104 Pa).
This frequency dependence was present in all samples and also
in samples from another batch of sodium silicate (data not shown).
Details depended on composition, temperature and reaction time.
To better visualize the deviation from the plateau value of G0, we
normalized the storage and loss moduli with the storage modulus
plateau G0plateau at x = 20 rad/s. Since the storage modulus is 10
times larger than the loss modulus at high frequencies, the storage
modulus is approximately equal to the absolute value of complex
modulus, i.e., we normalized approximately with the absolute va-
lue of the complex modulus at high frequencies.

With this rescaling, the influence of water concentration on the
frequency dependence became more easily visible (Fig. 5B). The
deviation of the storage modulus at low frequencies from the pla-
teau was more pronounced at lower water concentration. The cor-
responding normalized loss modulus G00norm showed a maximum
near x = 0.4 rad/s. Increasing R shifted the data curve of storage
and loss moduli to lower frequency, see also Section 4.2. This fre-
quency dependence of G0 is more significant for higher tempera-
tures and in younger gels (see Figs. S2 and S3 in supplementary
data for details).

The frequency sweep measurement was repeated in the piezo-
rheometer and the results from both rheometers agreed quite well
(Fig. 6). The curves of normalized storage and loss moduli superim-
pose within our measurement accuracy. The slight deviation can be
either due to minor differences in the composition of the sample or
differences in the contact of the sample to the surfaces of the rhe-
ometers. Due to the similarities in the chemical structure, the silica
gel adheres better to the glass substrate of the piezo-rheometer
than to the metal cell of the Couette rheometer. The difference in
adhesion was observed during the cleaning of both cells.
4. Discussion

4.1. Logarithmic time dependence of the storage modulus

Our time sweep data (Figs. 2–4) suggests that the structure of
the precipitated silica gel develops in two phases. In each of them
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storage modulus scaled with the logarithm of time. In agreement
with previous studies [28], the slope of this logarithmic time
dependence increased from the first to the second phase. Interest-
ingly, such a behavior was known only for physical gels. Ronsin ob-
served the 2-stage linear behavior with gelatin gel [18]. Also,
Nijenhuis reported that the storage modulus of the physical gel
of PVC plastisols follows logarithmic time dependence after some
induction period [15]. In the rheo-optical study of physical gela-
tion, a similar picture was presented [41]. Guo et al. attribute the
two different slopes in the logarithmic time dependence to the in-
crease of the number of cross-links at early times and internal reor-
ganization at late times.

A similar gelation mechanism might explain the two-stage rhe-
ological behavior of the reactive silica gel. As shown in Fig. 2, be-
fore regime I the size of aggregates and their effect on rheology
are not large enough to be detected by the rheological measure-
ment, so there is no signal at the early time range. The growth of
aggregates and formation of bonds between aggregates contribute
essentially in regime I. At the intersection of the two trend lines
with different slope (Fig. 2C), regime II begins, in which the
strengthening of bonds and reorganization of the network domi-
nates. However, to clarify this structural development, insight in
the reaction equilibrium of the chemical reaction and the growth
of the aggregates are needed and will be addressed in a further
study.

Manley et al. [42] studied a gel of silica nano-particles that were
destabilized by adding the divalent salt MgCl2. A power law like
growth of G0 vs. time was observed. They explicitly noted the ab-
sence of structural changes in the gel and explained the time-
dependent strength of colloidal gels with the coarsening process.
The local elasticity increased because of bond formation between
neighboring colloidal particles. The power law of G0 vs. time is
independent of the particle volume fraction. In contrast to the sam-
ple by Manley et al., our sample is a reactive system, in which the
silica gel is in a reaction equilibrium between the formation and
dissolution of chemical bonds. We attribute the different time
dependence behavior of both silica gels to the difference in the
properties of the particle–particle bonds.

The logarithmic time dependence of the modulus suggests that
the system shares similarities with physical gels. As discussed in
Section 1, a major difference between physical and chemical gel
is that physical gelation is a (thermo-) reversible process, whereas
traditional chemical gelation is not. In the case of reactive silica gel,
although the silica bond is formed by a chemical reaction, the bond
is reversible due to the finite solubility of silica at high pH. From pH
value 9 to 12, the solubility increases dramatically from 0.015% to
0.5% [43]. In this sample with pH = 11.0, the dissolving of silica
leads to bond breakage and thus relaxations in the system are pos-
sible. This process corresponds the aging of the gel, which is driven
by the approach of the minimum of free energy, i.e., a more effi-
cient distribution of bonds. Due to its physical-gel-like behavior,
a structural relaxation in our reactive silica gel can be expected.

Quarch et al. reported a similar behavior for the temperature
dependence of silica gel formation under alkaline conditions in a
temperature range from 15 to 35 �C [21]. They explained the max-
imum in the characteristic (gelation) time with the finite solubility
of silica at high pH (above 10.5). With increasing temperature, both
the dissolution and formation kinetics accelerate. When the accel-
eration of formation dominates over that of the dissolution, a de-
crease in the characteristic time tchar is to be seen. In the inverse
case one would expect an increase in tchar. The observed maximum
in tchar may result from the compensation of both processes. Fur-
ther, the frequency dependent signature of this accelerated reac-
tion kinetics is seen in decreasing relaxations times with
increasing temperature (Fig. 8, below).
In our study, we observe that the slope of the logarithmic time
dependence at late times (t > 3 � 103 s) depends monotonically on
temperature (Fig. 4). The lower the temperature, the steeper the
slope. This might be due to a temperature dependent shift of the
reaction equilibrium. Further studies of the temperature depen-
dent reaction kinetics in both directions, i.e., formation and disso-
ciation of silica is needed to get a full understanding of this
behavior.

4.2. Structure relaxation and fit of relaxation time

The experimental data clearly showed a frequency dependence
of the storage modulus at low frequency (Section 3.2). Such a
behavior has already been observed for dynamically arrested col-
loidal systems [44,45]. However this latter systems also showed
a minimum of G00 at intermediate frequency that is not present in
our reactive silica gel. This difference may be attributed to either
the limited measurable frequency window or absence of polymer
dynamics in our system. We attribute the frequency dependence
to a structural relaxation inside the sample due to the reversibility
of silica bonds at high pH (see above). In line with this interpreta-
tion, we found that the structural relaxation, as observed in the fre-
quency dependence of the storage modulus, is more pronounced in
the sample with lower water content, i.e., higher pH, at higher tem-
peratures and in younger gels.

To get a more quantitative description of this relaxation pro-
cess, we fitted this spectra with two different models, with which
it was also checked whether the relaxation properties is dependent
on the model. Like in dielectric spectroscopy, the Cole–Cole equa-
tion can be used to fit relaxation peaks. The modified Cole–Cole an-
satz was adjusted for rheological application [46]. Additionally, we
use the BSW function [47] to define the relaxation time spectrum
in this sample. The logarithmic density function of the relaxation
time spectrum H(s), is defined by:

GðtÞ ¼
Z 1

0

HðsÞ
s

e�
t
sds ð3Þ

This describes the distribution and different weights of the relaxa-
tion times [46]. Both models describe well the linear viscoelastic
behavior of polymer samples and their predictions are in good
agreement with the experimental data from dynamical mechanical
measurement [46–49]. In addition, both of them are consistent with
the Kramers–Konig relation, the fundamental relation between the
real and imaginary part of complex modulus. Both models allow for
a simultaneous fit of G0 and G00. Consequently, the fit is a consistency
check for the measurement results.

However, the two models assume a different distribution of
relaxation times in the sample. In the modified Cole–Cole function
the distribution of relaxation times is centered around a character-
istic relaxation time. Therefore it cannot directly be used to de-
scribe the terminal flow regime of polymer samples and
modifications have to be applied [46]. In comparison, the BSW
function is constructed such that it can be applied for describing
the terminal behavior at low frequency. In the BSW model, the
density of the relaxation mode drops to 0 when the time is longer
than a certain value, above which the relaxation spectrum is cut. In
this work, the terminal behavior of the system was not observable
because it was outside the frequency range of the measurement.
Therefore, the application limit of the modified Cole–Cole function
does not influence the analysis in this study.

4.2.1. Relaxation time fitted by Cole–Cole function
The modified Cole–Cole equation [46,50] was applied to fit the

data and to calculate the high frequency plateau of the storage
modulus and the relaxation time.



164 M. Wang et al. / Journal of Colloid and Interface Science 413 (2014) 159–166
G� ¼
G0plateauðixsCCÞa

1þ ðixsCCÞa
0 < a 6 1 ð4Þ
HðsÞ ¼
G0plateau

p
�

ð s
sCC
Þa � sinðapÞ

1þ 2ð s
sCC
Þa � cosðapÞ þ ð s

sCC
Þ2a ð5Þ
G⁄ is the complex modulus, which is measured directly with the
rheometer. sCC is the characteristic relaxation time by modified
Cole–Cole function. a describes the broadness of the corresponding
distribution of relaxation times, the smaller a, the broader the dis-
tribution [46]. Using this equation, we implicitly assumed that the
distribution of relaxation time is centered around sCC.

The fitting was performed using Origin 8.5 and is presented in
an example of a gel with R = 0, measured at T = 23 �C and t = 5 tchar

(Fig. 7). The fit line matches with the experimental data. The fitted
storage modulus plateau G0plateau and characteristic relaxation time
sCC are plotted as a function of water concentration R, temperature
and aging time in Fig. 8.

With increasing R from 0% to 20%, the plateau value decreases
and the relaxation time increases by more than a factor of two
(Fig. 8A). Combined with the increase of characteristic time tchar

with increasing R (Fig. 3C), we can conclude that the gel formation
and structural relaxation both decelerated with increasing amount
of water. The lower reactant concentration at higher R caused the
decrease of storage modulus plateau and the slow-down of gel for-
mation. Besides, the pH-value of the solution is slightly lower at
higher R, corresponding lower solubility of silica could be a reason
of the slower relaxation process.

For all investigated samples, the broadness parameter a of the
Cole–Cole function was on the order of 0.5, indicating a broad dis-
tribution of relaxation times. The influence of water ratio on the
broadness parameter a is insignificant and negligible in the range
of standard deviation (Fig. 8B). The relaxation spectra H(s) fitted
with the modified Cole–Cole function and the BSW equation will
be compared in Section 4.2.2.

The storage plateau value G0plateau, characteristic relaxation time
sCC and broadness parameter a decreased with increasing temper-
ature (Fig. 8C and D). The decrease of the characteristic relaxation
time implies a shorter bond life time. This might be correlated to a
shift of the reaction equilibrium with temperature (Section 4.1).
But complementary studies would be needed to understand the
detailed correlation.

The plateau modulus G0plateau and the relaxation time sCC increase
by more than a factor of 3 from t/tchar = 5 to 20 (Fig. 8E). Since the
pH value of the sample stayed constant during the reaction (data
not shown), the solubility of silica was also constant. Thus the
dominating process can be assumed to be the strengthening of
the network structure through reorganization of the network, lead-
Fig. 7. The moduli of a gel example (R = 0 measured with c = 0.0005, at T = 23 �C
and t = 5 tchar) are fitted with the modified Cole–Cole [46] (solid line, Section 4.2.1)
and BSW function (dash line, Section 4.2.2).
ing to a better connectivity in the network and consequently
slower relaxation.

4.2.2. Relaxation time calculated by BSW relaxation time spectrum
This model was used to describe the relaxation properties of

mono-disperse linear polymers [47–49] and near-glass colloidal
suspension [51,52]. In the equation, the relaxation process is ex-
pressed as the sum of b- and a-relaxation, which (for colloidal sys-
tems) originate from caging of the particle by the neighbors at
short time and breakup of particle cages at long times in colloidal
glass systems [51].

In our work, the fit of BSW equation was calculated by the IRIS
graphics tool [40] with the following equation [51]:

HðsÞ ¼ neG0
N

s
smax

� �ne

þ s
s0

� ��ng
� �

s 6 smax ð6Þ

HðsÞ ¼ 0 s > smax ð7Þ

ne: slope of the spectrum for the a-relaxation region
G0

N: plateau modulus
smax: longest relaxation time
s0: time for b-relaxation state
ng: slope of the spectrum for the b-relaxation region

Since the data at high frequency (over 30 rad/s) was not mea-
sured, we concentrated on the low frequency behavior. As the b
relaxation part (i.e., the high-frequency term ðs=s0Þ�ng ) could be ig-
nored, we use a simplified version of Eq. (6) in the fitting proce-
dure. The decreased number of parameters (three instead of six)
also reduced the uncertainties in the fits.

HðsÞ ¼ neG0
N

s
smax

� �ne

s 6 smax ð8Þ

HðsÞ ¼ 0 s > smax ð9Þ

The comparison between the fit curves with modified Cole–Cole
and BSW is displayed in Fig. 9. The characteristic relaxation time
sCC from Cole–Cole fit and the maximum relaxation time smax from
BSW fit are compared for various temperatures (Fig. 9A) and reac-
tion times (Fig. 9C).

Despite differences in the absolute numbers, the general ten-
dency is the same by the results from both models. A possible ori-
gin of these differences is the different distribution of relaxation
times. However, it was observed (e.g., Fig. 9D) that a broader distri-
bution of relaxation time for Cole–Cole corresponds to a smaller
slope of distribution modulus H(s) in the BSW fit. Thus the conclu-
sions are independent of the actual model that was used for the
analysis.

In the BSW fit data, there was a clear tendency for the relaxation
modulus H(s) to increase with relaxation time s. In contrast, for a
chemical (polymer) gel, H(s) is expected to decrease with time
[53]. However, the relaxation properties of the reactive silica gel
are similar to weak colloidal gels at low frequency [44,45]. For col-
loidal gels, the structural reorganization occurs on the large scale,
which corresponds to the relaxation process at long time, i.e., low
frequency. Similarly, the dissolution and formation of the silica
bonding allows the rearrangement of the reactive silica gel on
the large scale. Such processes contribute to the relaxation process
at long relaxation times.

5. Conclusions

In this contribution we investigated the rheological behavior
of aggregated colloidal silica nano-particles at high pH. The



Fig. 8. The results from fits with the modified Cole–Cole function. The dependence of the fitted storage modulus plateau G0plateau and characteristic relaxation time sCC on water
concentration R (A), temperature T (C), and time t/tchar (E). The broadness parameter a is plotted as function same parameters (B), (D) and (F).

Fig. 9. Comparison of the two models used: The dependence of relaxation time sCC from the fit to the modified Cole–Cole function and maximum relaxation time smax as
calculated from the BSW function on the temperature (A) and time t/tchar (C). The relaxation modulus H(s) is plotted against relaxation time s for the corresponding
temperatures (B) and times t/tchar (D).
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nano-particles were formed through the precipitation of silica
from sodium silicate by mixing with diluted sulfuric acid. A par-
ticularity of this material is the high pH value that allowed for a
finite solubility of silica in the reaction mixture [28]. Conse-
quently, a reaction equilibrium between the bond dissolution
and formation was expected. This reactive silica gel exhibited
behavior known from physical and colloidal gels: a logarithmic
time dependence of the storage modulus [15,18] and a low fre-
quency structural relaxation [44]. Two stages with different re-
gimes were observed in the temporal evolution of the storage
modulus of the gel. We attribute these two regimes to (I) the for-
mation of aggregates from primary particles and bonding at short
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times and (II) further growth of the bonds and restructuring at
long times.

A structural relaxation was evident from the frequency depen-
dent measurements. The storage modulus G0 exhibited frequency
dependence below 6 rad/s. A similar behavior was observed for
colloidal gels [44]. The microscopic origin of the structural relaxa-
tion is assumed to be the finite solubility of silica at high pH. Effec-
tively this finite solubility leads to a finite bond life time and opens
the way for a restructuring of this gel on the micro-scale, i.e., for a
structural relaxation. Due to assumed the molecular scale of this
relaxation, a detailed study of this mechanism is beyond the scope
of the present study. A systematic analysis showed that the struc-
tural relaxation mode is more pronounced in concentrated sam-
ples, at higher temperatures and in younger gels.

The experimental data of the frequency dependent mechanical
moduli could be fitted with models that allow for a calculation of
relaxation times and modulus. A modified Cole–Cole equation
[46] and the BSW [47] function were used for this purpose with
comparable results. Both models agree on how the properties of
the low frequency relaxation depend on the experimental param-
eters. The extracted relaxation time is longer for higher water con-
centrations, lower temperatures, and older gels. The distribution of
relaxation times turned out to be broader for higher temperatures
and younger gels but independent of the concentration.

The structural relaxation due to the reaction equilibrium de-
scribed in this work illustrates the flexibility of this material,
although it is made out of a rigid material like silica. This flexibility
can interfere with applied external fields, e.g., mechanical stresses,
and open the way to generate a material whose mechanical prop-
erties can be tuned through the applied stress on the material dur-
ing the production process. To follow this further is, however,
beyond the scope of the present manuscript and will be dealt with
in a future work.
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