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Abstract Silica gels have a multitude of applications ranging from cosmetics and food science to oil and
gas recovery. For proper design and application, it is important to have a thorough understanding of
the underlying mechanisms of gel formation under different circumstances. The growth and structure of
colloidal silica gels has been investigated using RheoSAXS to study the effect of silica concentration, NaCl
concentration, temperature and shear rate. Additionally, SAXS in combination with a strong magnetic field
has been applied to investigate the effect of magnetic microparticles and magnetic field on the development
of the gel structure. Results indicate that the strongest effect on the gel kinetics are achieved by altering the
activator concentration, here in the form of NaCl, followed by silica concentration and temperature. Small
structural effects were also observed, with larger cluster sizes being produced at lower silica concentration
and at higher NaCl concentration. Applying shear caused major changes both in structure as well as the
macroscopic behavior of the silica, preventing the gel from reaching an arrested state, instead forming a
viscous liquid. Applying a magnetic field appears to suppress the formation of larger clusters. The same
effect is observed for increasing magnetic microparticle concentrations.

1 Introduction

Silicon is the second most abundant element in the earths crust and its complex with oxygen producing silica,
SiOa, is the primary constituent of most rocks, and makes up around 60% of the earth’s crust [1]. For this reason
silica has been important in many different application throughout history. Everything from weapons, pottery,
building materials and glass contain significant portions of silica in one form or another. In modern times silica
in its more pure form continues to be of vital importance in many industries. Glass, semiconductor technology,
cosmetics, oil and gas industry and medicine are some of the areas in which silica is being utilized.

A specific form of silica, known as silica gels have been widely studied due to their unique properties [2-9].
They have been used as adsorbents for water vapor [10], and are being investigated as potential good candidates
for biogas adsorbents [11]. In addition to this, such silica gel materials could be used in combination with other
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materials as a scaffolding material for bone tissue engineering [12, 13]. Silica gels have also found their use in the
oil and gas industry, where they are being tested as a more environmentally friendly alternative to polymer gels
which have been used for conformance control in reservoirs [14].

Colloidal silica dispersion for conformance control are studied utilizing rheological methods primarily. Metin
et al. [15] studied two different types of colloidal silica gels using a rheometer to characterize the storage and loss
modulus. They found that the gel time was highly dependent on the silica concentration, salt concentration and
temperature. However, the critical strain was found to be independent of the silica concentration. Similar results
were also found by Hatzignatiou et al. [16], Pham and Hatzignatiou [17].

Others have studied colloidal silica from a nano- and microscale perspective through various scattering techniques
such as dynamic light scattering, as well as small angle X-ray and neutron scattering. Johnsson et al. [18, 19] used
time resolved small angle X-ray scattering together with electrospraying combined with a scanning mobility particle
sizer, to investigate the effect of primary particles on final morphology of the silica gel network, as well as the
effect of gel initiator type. From this study they found that with monodisperse and spherical primary particles, the
aggregates formed dimers and trimers and subsequently more compact spherical aggregates. Introducing sample
polydispersity caused larger aggregates to form at an earlier stage, however the final clusters remained spherical in
shape. In contrast, gelling a solution of preaggregated spherical silica particles produced more end-to-end contacts
and produced final gel networks that were more open, with elongated aggregates. In terms of activator, it was
found that the aggregates and the obtained gel morphologies were not affected by the type of activator, however
the rate of stability increase after the point of gelation was raised by the presence of strongly hydrated counterions.

The demands on the properties of silica gels vary depending on the final application of the system. To be able to
design products performing within specific boundaries it is becoming increasingly important to know the relation
between nano/microscopic properties and the resulting macroscopic properties. Previous studies of colloidal silica
are for the most part focused on either the macroscopic or the microscopic aspect of the colloidal gel. Here we
combine these two approaches to study a colloidal silica gel using the combination of small angle X-ray scattering
and rheology. We have investigated how silica concentration, NaCl concentration, temperature and shear, as well
as magnetic microparticles and magnetic field, affect the structure of the gel network at the nanoscale and the
macroscopic rheological properties. We believe these results to be valuable for a better understanding of the
dynamics of gel formation as well as for control of silica gel formation in practical applications.

2 Experimental method

Experiments were performed at Diamond Light Source (DLS) on beamline 122 and at the European Synchrotron
Radiation Facility at beamline BM26. At 122 simultaneous Small angle X-ray Scattering (SAXS) and in situ
rheology measurements, also called RheoSAXS, were performed, while at BM26 only SAXS was performed.

2.1 Materials

For all experiments a sodium stabilized silica dispersion, Levasil OF50 P from Nouryon, containing 15 wt%
amorphous SiOs nanoparticles (5 nm in diameter) was used. The pH range of the solution ranged between 9.7-10.5,
as given from the supplier. The Zeta-potential of the silica stock solution without any salt addition was measured
with the instrument Malvern NANOZS. The Zeta-potential was (—48 £+ 3) mV at 25°C, indicating good stability
of the dispersion. A 2 M NaCl solution was prepared to be used as an activator for samples measured at 122. For
the measurements at BM26 a stock solution of 2.6 M NaCl was used. For the pre-tests with CaCl, stock solutions,
0.5 M and 0.25 M were tested.

2.2 Pre-selection

In order to find a suitable range of gel times, a variety of silica concentrations and salt concentration were initially
tested using the bottle method. The gel time aimed for was roughly an hour at room temperature, for practical
reasons. Various amounts of silica and salt solutions (NaCl, CaCly) were mixed in small bottles and left to create a
gel. On regular intervals the bottles were checked for gelling by tilting them slightly. The gel time was determined
as the time at which the bottle could be turned up-side down without any sliding of the gel, as shown in Fig. 1. Salt
solutions containing Ca?* ions gelled immediately upon contact with these solution even at very low concentrations,
as demonstrated in Fig. 2. After determining a rough range of gel times using the bottle method, the samples
with a gel time close to one hour were measured on an Anton Paar MCR 301 rheometer with a Couette cell
using oscillation mode to record the storage and loss modulus. These measurements, as shown in Fig. 3 were used
to determine the gel time more precisely, defined as the crossover where the storage modulus exceeds the loss
modulus, denoted in the figure with a vertical black line.
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Fig. 1 Two gelled samples
according to the bottle test
method

Fig. 2 Bottle test with
CaCly and varying amounts
of silica. The vol% here
refers only to the volume of
added Levasil OF50 P
dispersion, not the volume
percent of the colloidal
silica
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2.3 122—sample preparation

Samples of different concentrations were prepared by adding different volumes of distilled water, Levasil OF50 P
and 2 M NaCl solution, respectively, to a beaker, and mixing with a magnetic stirrer for 1 min. Sample solution
(6 mL) was then transferred with a pipette to the rheometer measuring cup. Measurements of the samples at 20°C
started 10 min after addition of the NaCl solution, without pre-shearing them. For samples measured at 40°C, it
was only 5 min between NaCl addition and start of measurement.
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2.4 122 rheometry

An Anton Paar MCR 501 rheometer with a polycarbonate measuring cell (ME/PC49) was used with the beam
passing through the center of the cup. A solvent trap was used to prevent evaporation during experiments. Three
types of measurements were performed using the rheometer. Oscillation with a strain () of 5 % and an angular
frequency (w) of 10s™! was used to measure the storage and loss modulus as well as the shear stress. From this
the complex viscosity was calculated and used to estimate the gel time. The oscillation measurements were not
considered to disrupt the system significantly as they were performed within the linear viscoelastic range [20], and
we thus assume that the gelling proceeds near similarly to a sample measured without any external influences,
e.g. a non-sheared sample. In contrast, for some samples a constantly applied shear rate was used to investigate
the effect of shear on the gelling process. Shear rates between 1s~! to 1000s~! were applied. For all measurements
each measurement point was measured for 60 s and the temperature was controlled by a Peltier element.

2.5 122 SAXS setup

A simplified sketch of the experimental setup at 122 can be seen in Fig. 4. A monochromatic beam of wavelength
of 0.100 nm was chosen in combination with the longest achievable sample to detector distance (9.864 m) in order
to reach a typical g-range from 2.5-10"2nm™' to 1.2nm~'. A 2D Pilatus P3-2 M detector was used for data
collection and the data were reduced using the Dawn Science software [21, 22]. A measurement of the sample cell
with distilled water was used as a background measurement and subtracted from the signal.

Fig. 4 RheoSAXS

experimental setup at 122 Rheometer

2.6 Sample preparation BM26

A similar approach to the one used at 122 was used at BM26, however with some small modifications. Samples
were prepared in 2 ml Eppendorf tubes, where the distilled water, Levasil OF50 P, magnetic Dynabeads and lastly
2 M NaCl solution was added. Magnetic Dynabeads are monodisperse spherical polystyrene microbeads with an
iron core that are superparamagnetic. Dynabeads are widely used in bio-molecular separation. The Eppendorf
tube was closed and shaken with a vortex mixer for 1 min. Subsequently the solution was transferred from the
tube to a 2 mm Hilgenberg glass capillary using a syringe. Lastly the capillary was sealed with UV glue and placed
in the sample holder for measurement.

2.7 Sample holder at BM26

Figure 5 shows the custom made sample holder for the experiments at BM26. The sample holder consisted of
a small aluminum piece with a slot for the capillary to enter and a hole where the X-ray beam would hit. The
capillary was covered inside the aluminum block, except for the portion inside the opening made for the x-ray
beam. The aluminum piece was connected to a circulating cooler, maintaining the temperature at 20°C.

Fig. 5 Sketch: custom
sample holder used at
BM26

Water out
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2.8 BM26 SAXS setup

Similarly to the setup at 122, a monochromatic beam of wavelength 0.103 nm was used in combination with a
sample to detector distance of 9.342 m. The detector was a 2D Pilatus 1 M, and the collected data were reduced
using the Bubble software [23]. For background subtraction a capillary of pure water was measured and subtracted
from the signal.

At the sample position an electromagnet was placed for controlling the magnetic field that the sample would be
exposed to. The magnet was a 4T superconducting magnet borrowed from the XMaS beamline at the ESRF [24].
The magnet was placed so that the magnetic field was applied vertically, perpendicular to the X-ray beam.

2.9 Data modeling

Small angle X-ray scattering curves from systems of aggregating units are generally described by a Guinier region,
followed by a power-law region. In 1995 G. Beaucage published a model which combines the contributions from
the two regions into a unified scattering curve, allowing for fitting of small angle scattering data over multiple
decades of the scattering vector, ¢ [25]. The Beaucage unified model has since been widely used for describing
various systems of aggregating particles [26-30].

The Guinier region provides information regarding the primary particle and aggregate sizes through the radius
of gyration. The power-law on the other hand relates the slope of the linear region of the scattering curve to the
fractal dimension. The fractal dimension can tell us whether a system can be considered as a mass fractal or a
surface fractal. If the exponent of the power-law region is smaller than 3, it can be considered a mass fractal, while
if the exponent lies between 3 and 4 it is a surface fractal [31]. For a mass-fractal system the fractal dimension
gives a measure of how densely particles are packed, while for a surface fractal it is a description of the surface
roughness. The unified model put forward by Beaucage is given in Eq. (1),

N 2 2 2 P2 a;

R=. q“R i ‘

Iq)=C+8) j[Gi exp <qg9> + B;exp <“§ “)) (;) ] (1)
i=1 ¢

where

I(q) is the scattering intensity, C is a value related to the background scattering, S is a scaling factor, G; is the
Guinier scaling factor, ¢ is the scattering vector, Rg; is the radius of gyration, B; is the power-law scaling factor,
o is the fractal dimension, and ¢ is given above, where erf is the error function.

This model can be expanded for multiple Guinier and power-law regions, by adding another level, e.g. increasing
N from 1 to 2. The model is available in the software SasView [32], and this was used to fit our data with a two-level
model. Initial values for Rg1, Rg2, oy and ap were set to 3.6 nm, 10 nm, 3 and 1.40, respectively. The resulting
parameters from the fit can be found in Table S1 and S2 in the Online Resource. The data were fitted in the
g-range 0.025nm ™! < ¢ < 0.95nm ™!, and the fit for one of the samples is shown in Fig. 6. The model does not
manage to capture the upturn in intensity at the lowest q values. This could have been accounted for by adding
another power law term in the model. However, this was not implemented as the data in the low-q region that
this would be interesting for is limited.

Multiple configurations of the fitting parameters were tested. For the primary particle the radius of gyration
and power-law exponents were kept constant, and different variations of keeping G; and Bj constant, letting one
or both vary were tested. It was found that only minor differences were produced by the different configurations.
Thus, the final fitting was performed keeping all parameters of the primary particle constant, except Gj.

3 Results and discussion

Viscosity data were collected to extract the gelling time for the various sample compositions, cf. Figure 7 that will
be discussed more later. Small Angle X-ray Scattering (SAXS) patterns were recorded and reduced to scattering
curves for samples of varying silica concentration, NaCl concentration, temperature and applied shear. Figure 8
displays the results for samples of 9 and 12 wt% SiO5. We use the 12 wt% sample with 325 mM NaCl at 20°C and
without shear (NS) (green curves) as a reference to which all the other data are compared when each parameter
is changed. The cutoff for each sample at high q is due to the edge of the detector. Note that all data presented
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have been normalized to the particle concentration to remove simple effects such as vertical scaling of the pattern
due to change in silica concentration. This allows to better isolate effects that are related to internal restructuring
in the system.

3.1 Silica concentration

From Fig. 8a, it can be seen that reducing the silica concentration to 9 wt% did not initially cause any major
changes. The curves of the 12 wt% and 9 wt% samples overlap nearly perfectly in the beginning, showing that
the internal structure is similar at t=0. The 12 wt% sample shows initially a slightly larger spacing between the
curves, indicating that the structure is developing more rapidly than for the 9 wt% system. As time passes, the
space between curves reduces for both samples due to the gel formation. The network formation locks the structure
more in place, and thus the changes in the structure are occurring at a slower rate.

Fitting the scattering curves with the Beaucage Unified Model also demonstrates the similarities between the
curves. Figures 9 and 10 show the development of the radius of gyration for the aggregates, which here will be
referred to as the cluster size, and the fractal dimension of the systems, respectively. Comparing 9 wt% and
12 wt% SiO the cluster sizes of the 12 wt% are initially growing slightly faster (Fig. 9a). This holds up until
roughly 70 min, where there is a crossover as the growth rate of the clusters for the higher silica concentration is
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Fig. 8 Scattering intensity, I, as a function of scattering vector ¢q. Each curve represents a different moment in time, marked
by the different colors. a Comparison of two different silica concentrations, 9 wt% and 12 wt% with a NaCl concentration
of 325 mM, temperature at 20°C and no shear applied. The black arrow shows the direction of time (same for b, c, d as
well.) b NaCl concentration comparison for samples of 12 wt% silica, at 20°C and with no shear applied. ¢ Temperature
comparison for samples of 12 wt% silica, 325 mM NaCl with no shear applied. d Shear comparison for samples of 12 wt%
silica, 325 mM NaCl at 20°C. All data have been normalized to the silica particle concentration

Table 1 Gel times for the
different samples
determined from the
viscosity curves. Gel times
are rounded to nearest 5min

Sample

Gel time [min]

9 wt% 325 mM 20°C No Shear
12 wt% 325 mM 20°C No Shear
12 wt% 400 mM 20°C No Shear
12 wt% 325 mM 40°C No Shear
12 wt% 325 mM 20°C 1000s~"

155
70
25
30
40
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reduced. The point where the growth rate is starting to decline, around 70 min, correspond well with the gel time
determined from the viscosity in Fig. 11a, listed in Table 1. The gel time is determined based on the intersection
of two linear fits of the viscosity data, as demonstrated in Fig. 7. The first linear region is based on the constant
viscosity area before the onset of the viscosity increase. The second linear region is estimated based on the region
around the inflection point of the curve. The inflection point is determined from the sigmoidal fit of the viscosity
data. Table 1 gives an overview of the gel times for different samples, acquired using the method described above.

The cluster size for the lower silica concentration of 9 wt% keeps increasing until the sample starts to gel around
155 min, where the growth rate starts to diminish for this sample as well. Interestingly, the average cluster size
for the high silica concentration (12 wt%) starts to level out around 20 nm, whereas the size for the lower silica
concentration (9 wt%) continues to increase to a value close to 30 nm. It could be argued that the final cluster
sizes are so different due to the large difference in measurement time, with the low silica sample being measured
for 160 min, and the high silica sample being measured for 80 min. However, the sample of 12 wt% was measured
again after 7 h, at which point the cluster size had only increased to 25 nm, without any change in the fractal
dimension. Thus, even with longer waiting times the end products are not the same. It seems that the higher
silica concentration, while leading to initially faster aggregation kinetics, also contributes to “locking” the system,
limiting the diffusion and thus the maximum size that the aggregates can obtain. The fact that changing the silica
concentration alters the end structure was also found by Zhang et al. [33], different silica concentrations over a long
period of time, up to two weeks. They found that increasing the silica volume fraction caused the characteristic
of the gel formation to change from reaction limited cluster aggregation of a fractal network to a final structure
resembling that of a compact solid.

As can be generally seen in Figs. 8, 9, 10 and 11 the measuring times are unequal for the different samples.
This is due both to the differences in gel times, as some samples required much longer times to gel, e.g. the 9 wt%
sample, and to practical constraints within a limited beamtime.

Another parameter extracted from the Beaucage Unified Fit is the fractal dimension. From Fig. 10a it can be seen
that for equal times the fractal dimension, «, is always larger for the sample of lower silica concentration; however,
the difference is greatest in the first 30 min. This parameter can be used to describe how densely the clusters are
packed, and to distinguish between a mass-fractal and surface fractal system. A value around 2.2 is well within
the range for a mass-fractal, and also indicates a relatively open structure. From the fractal dimension one can
also determine if the aggregation is governed by a diffusion limited cluster aggregation (DLCA) or reaction limited
cluster aggregation (RLCA). A fractal dimension between 1.7 and 1.8 indicates DLCA, while values between 1.9
and 2.1 generally describe reaction limited aggregation [34, 35]. Higher values indicate reaction limited aggregation
with reorganization [3]. With our values close to 2.2 for all systems, we can conclude that the system is governed
by diffusion limited cluster aggregation.

In summary, the silica concentration influences the final cluster sizes, as well as having a large effect on the gel
time of the system. Reducing the silica concentration by 3 wt% leads to more than a doubling in the gel time. The
reduction in silica concentration also slightly alters the fractal dimension of the final system, making the final gel
network more densely packed for the lower silica concentration. The latter effect could be related to the difference
in the relative amount of NaCl present in the two situations. The NaCl concentration is the same, but at the
lower silica concentration the number of salt ions per silica particle is higher, thus compacting the double layer
and creating a tighter network. The same effect, although weak, is observed with increasing salt concentration at
the same silica concentration in Fig. 10b.

3.2 NaCl concentration

Increasing the activator in the form of NaCl from 325 mM to 400 mM induced a rapid gel formation in the sample.
From Fig. 8b, it can be seen that at high q values (range 0.3nm~! - 0.7nm~!) a more prominent bump is visible
for the 325 mM NaCl concentration, indicating that more of the smaller structures are present, while they have
already been aggregated at the same time by the larger NaCl concentration. In the low-q region, the overlap of the
first curve for the 400 mM sample with the 40 min curve for the 325 mM sample is nearly perfect, illustrating the
point that the network development for the high NaCl concentration is much more rapid. Beyond this, the 400 mM
sample has a further increase in intensity. Interestingly, the 400 mM (12 wt%) sample has some similarities with
the 9 wt% (325 mM) sample. Looking at the cluster size in Fig. 9a, b, they end up at almost exactly the same
value. The only difference is that the development is more rapid for the 400 mM sample. In addition, at 12 wt%
silica fractal dimension for the high NaCl concentration is also slightly larger than at the low concentration. It is,
however, still lower than what was obtained at lower silica concentration (9 wt%). Zhang et al. [33] found that
varying the activator concentration and type did not influence the final structure of their gel system, but instead
only produced an effect on the kinetics of the system. From the measurements we have performed it is not possible
to say anything about the structure after long aging times. The measurements performed by Zhang et al. [33] was
performed over several weeks. Our data on the other hand suggests that the structures forming in the early stages
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Fig. 9 Cluster size as a Silica NaCl
function of time for five concentration concentration
samples. a Comparison of
two different silica
concentrations. 9 wt% and
12 wt% silica, 325 mM
NaCl, 20°C and no applied
shear. b Comparison of two
different NaCl
concentrations. 325 mM
and 400 mM NaCl, 12 wt%
silica, 20°C and no applied 10
shear. ¢ Comparison of two
different temperatures.
20°C and 40°C, 12 wt%
silica, 325 mM NaCl and
no shear applied.

d Comparison of different
applied shear. No shear and
1000s™", 12 wt% silica,

325 mM NaCl at 20°C
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of aggregation with different activator concentrations are somewhat different, with differences in cluster size and
minor changes in the fractal dimension.

A rapid gel time of 25 min is displayed for the 12 wt% system at 400 mM salt in Fig. 11b and listed in Table
1. As this sample was measured for an extended time after gelling occurred, the viscosity increase appears to be
much larger compared with the lower salt concentration. It also seems like the rate of increase of the viscosity is
reduced by the end of the measurement, as indicated by the slight decrease in the slope of the curve. It is generally
known and accepted that a gelling system often show a continuously increasing viscosity over a very long time
span. Thus, the higher viscosity is only an effect of the measurement time.

A reduction in gel time as activator concentration is increased has been observed by several others [15-17, 33,
36-38]. The increase in electrolyte concentration causes a screening of the surface charges on the particles, which
in turn causes them to approach each other as the electrostatic repulsion is decreased. This leads to aggregation
and gel formation in our system. The Debye screening length for the two salt concentrations can be calculated to
0.53 nm and 0.48 nm for 325 mM and 400 mM NaCl, respectively, which is only a decrease of 0.05 nm. Despite
this small reduction in screening length between the two NaCl concentrations, a rather large reduction in the
gelation time is observed for the increase in NaCl concentration. This disproportionate reduction could indicate
that there are other cooperative effects present. The value for CaCly, at 5 mM concentration, as employed for
the samples shown in Fig. 2, yields a value of 8.6 nm. Despite the screening length being larger for CaCly than
for NaCl, instant gelling is observed when mixing with CaCls. One possible explanation for this counter-intuitive
behavior is the influence of hydration of the cation and silica. At pH values above 9 the silica surface is highly
deprotonated and probably has a strong hydration layer. Dissolved monovalent ions like Nat and divalent ions
like Ca?*t will be surrounded by ordered water, but with the number of water molecules typically being higher for
Ca?T than for Na*t [39]. Since highly hydrated surfaces tend to show enhanced interaction with strongly hydrated
ions, partially due to the polarization of the surrounding water, this could be one reason why we see a stronger
gelling effect with CaCl,. A separate observation is that ion-ion correlation effects arising with divalent counterions
are argued to play a significant role in the aggregation and cohesion of silica particles in cement slurries [40]. The
ion—ion correlation can cause charge reversal of negative silica, and thus strong attraction. These forces are most
prominent at high calcium concentration and at high surface charge densities.

Both increasing the activator concentration and increasing the silica concentration contribute to lowering the gel
time. Recalculating the NaCl concentration into weight percent, it can be shown that an increase of only 0.4 wt%,
corresponding to a 23 % relative increase in NaCl, leads to a decrease in gel time of 63 %. Measurements for a
sample at 9 wt% SiOs with the same change from 325 to 400 mM displays nearly the same percent-wise decrease
in gel time, with the decrease from 155 to 55 min corresponding to a 64 % reduction. Thus, it seems like for the
low silica concentrations in this study, the decrease in gel time due to the same change in salinity is independent
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Fig. 10 Fractal dimension
as a function of time for
five samples. a Comparison
of two different silica
concentrations. 9 wt% and
12 wt% silica, 325 mM
NaCl, 20°C and no applied
shear. b Comparison of two
different NaCl
concentrations. 325 mM
and 400 mM NaCl, 12 wt%
silica, 20°C and no applied
shear. ¢ Comparison of two
different temperatures.
20°C and 40°C, 12 wt%
silica, 325 mM NaCl and
no shear applied.

d Comparison of different
applied shear. No shear and
1000s™", 12 wt% silica,
325 mM NaCl at 20°C

Fig. 11 Complex viscosity,
7%, as a function of time for
the different samples. a
Comparison of two different
silica concentrations. 9 wt%
and 12 wt% silica, 325 mM
NaCl, 20°C and no applied
shear. b Comparison of two
different NaCl
concentrations. 325 mM
and 400 mM NaCl, 12 wt%
silica, 20°C and no applied
shear. ¢ Comparison of two
different temperatures.
20°C and 40°C, 12 wt%
silica, 325 mM NaCl and
no shear applied.

d Viscosity, 1, of samples
with different applied shear.
No shear and 1000s~?,

12 wt% silica, 325 mM
NaCl at 20°C
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of the silica concentration. A scaling behavior of gel times onto a master curve for varying gel times as a function
of silica concentration has already been observed by several authors [33, 38, 41, 42]

Concerning the silica concentration, a 3 wt% increase in silica concentration, corresponding to a 33 % relative
increase, causes a 56 % decrease in gel time. From this it appears that salinity has a stronger effect on the gel
time compared to the silica concentration. A similar trend was found by Pham and Hatzignatiou [17], where it
was shown that a 10 wt% increase in activator concentration caused a reduction in gel time of 62 h, while the
same change in silica concentration only gave a 13 h reduction.
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3.3 Temperature

Looking at Fig. 8c it appears that increasing temperature does not influence the structure except for developing it
faster. The scattering curves all have the same shape and would have overlapped if shifted vertically. Note that the
first curve for the higher temperature has a higher intensity at low q values and lower intensity at high q values,
which is opposite to what was expected. This is due to the measurement being started 5 min after NaCl addition,
instead of 10 min as for the lower temperature. Additionally, it takes some time for the temperature of the liquid
in the cup to reach 40°C, as it is at room temperature when being transferred into the rheometer.

The fitting parameters show that the cluster size for the 40°C sample starts slightly below the 20°C sample;
however, it increases faster and so within the first 10 min the cluster size is larger for the higher temperature
(Fig. 9¢). Increasing temperature causes an increase of the Brownian motion of the particles, leading to a higher
collision frequency, and thereby a more rapid generation of the gel network. The final cluster size is also slightly
larger for the high-temperature case, but not as much as induced by higher NaCl or lower silica concentration.
The fractal dimension for the high-temperature sample is also larger and increasing faster compared to the low-
temperature sample, but with the final fractal dimension being slightly lower. Amiri et al. [35] investigated a similar
system of colloidal silica as a function of temperature using a rheological approach. By calculating the fractal
dimension based on a relaxation exponent, they found that the fractal dimension decreased with an increase
in temperature from 2.48 at 18°C to 2.21 at 35°C. In addition to this, they also observed a large decrease in
gelation time with increased temperature, as well as an increase in aggregate size. These changes are consistent
with a more open network of larger clusters at higher temperature. A much stronger decrease in fractal dimension
obtained through SAXS was found by Wijnen et al. [3] who investigated the effect of temperature on the aging of
a potassium water glass. They found that the increased temperature caused a decrease in fractal dimension due
to dissolution of silica from the peripheral network combined with a precipitation in the center of the network.
On the other hand, other authors have found an increase in the fractal dimension with increasing temperature [4,
43]. Wu et al. [43] found that the fumed silica in dodecane that they studied became denser with an increase in
temperature. The restructuring was ascribed to a sliding of the fumed silica along the aggregates surface, stabilizing
in a conformation with a lower Gibbs free energy. Although there could be several possible explanations for the
lower fractal dimension observed at the higher temperature it is important to stress that the observed difference
in our system is very small. However, with longer aging times, or higher temperatures the difference might become
more prominent.

By raising the temperature form 20°C to 40°C, the gel time is reduced to 30 min, as seen by the viscosity
increase in Fig. 11c and Table 1. Similarly to the viscosity of the high salinity sample in Fig. 11b, the viscosity for
the high temperature is also increasing far beyond the viscosity of the low-temperature sample, which is probably
due to the same reasons as for the high salinity case, namely that the sample is measured for some time after it
has gelled. Comparing the reduction in gel time with the one induced by increasing the NaCl concentration or the
silica concentration we find that an increase from 20°C to 40°C only caused a 57 % decrease in gel time. This is
a smaller percent-wise decrease in gel time than the silica and NaCl concentration produced. Thus, ranking the
effects of the different parameters on reducing the gel time, the order becomes NaCl > SiOy > temperature.

Overall, increasing the temperature does not change the final structure of the gel network significantly on the
time scale probed in our experiments. The kinetics are, however, strongly affected and more rapid for the higher
temperature.

3.4 Shear

To probe the effect of shear on the structure of the gel, a constant high shear rate of 1000s~! was applied. From
Fig. 8d, it can be seen that the scattering curves initially are overlapping well. As time progresses a radical change
occurs for the sample with an applied shear. Approximately between 40 and 50 min there is a transition in the
smooth development of the scattering curves. The slope at low q increases and the last part of the curves becomes
straight lines, as opposed to flattening out to plateaus. Such an abrupt increase in scattering intensity at low q
was also observed by Hanley et al. [44] in their experiments using high shear rate on a colloidal silica. In addition
to the abrupt change in scattering intensity, they also observed a peak in viscosity, followed by a rapid decline.
These effects were attributed to a densification of the clusters. This argument was supported by their calculation
of the fractal dimension of the system which displayed an increase from 1.4 before gelling to 2.4 after the gel point
was reached. The rapid decrease in viscosity after reaching a peak value is not observed to the same extent in
our system. From Fig. 11d it can be seen that the decline in viscosity (1000s~! curve) is much slower, however
it is still present. The difference could be due to the much higher silica concentrations used in their study. This
could also explain the lower shear stress values obtained in our system, as shown in Fig. 12. However, in Fig. 12
the existence of a maximum shear stress that is relatively independent of the shear rate is observed, similar to
what Hanley et al. [44] discovered. Later, others have also investigated the effect of shear on the micro-structure
of evolving silica gels [45-48].
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Recently Muzny et al. [45] further investigated the time-dependent behavior of a gel-initiated silica solution
subjected to an applied shear. They combined USANS and SANS to cover both the nano- and microscale structures
developed in the system. From these investigations it was concluded that a gel network developing under a constant
shear is broken at the point which would have corresponded to the gel point, allowing for the clusters to densify
and continue to grow, in line with the results obtained by Hanley et al. [44]. From Fig. 10d it can be seen that
the fractal dimension in our system is always larger for the sheared sample during the development of the gel,
supporting the argument of a densification of clusters. On the other hand, the final fractal dimension for the two
systems are quite similar. This could also be an effect of time, as the samples in ref.[45] were measured over a
longer time span. We also observe an increase in cluster size close to the gel point for the sheared sample, as seen
in Fig. 9d, consistent with the cluster growth found in refs. [44-46]. Some authors have reported anisotropy in
sheared samples [47]. Such anisotropies have not been observed in the scattering patterns in this study (see Online
Resource, Fig. S1). However, due to the challenges of detecting anisotropies in small length scales, the existence
of such anisotropies cannot be excluded as a possibility.

In short, applying a shear to the colloidal silica system causes major changes both structurally and rheologically.
The shear produces larger clusters with less connectivity between them preventing the system from forming a gel
structure that span the complete volume of the container.

3.5 Magnetic field and particles

At the BM26 beamline at ESRF, silica gels containing various amounts of magnetic microparticles were prepared
in capillaries and inserted into the magnetic field at the sample stage. The field strength applied was between 0.1 T
and 4 T. We investigated the effect on the silica gel structure of adding magnetic particles and applying a magnetic
field, as seen in Figs. 13 and 14. In Fig. 13 it can be seen that the scattering patterns for one sample without
and one with 0.5 wt% magnetic microparticles are largely overlapping in the high-q regime, that corresponds to
the length scale of individual silica particles. However, at lower q the sample with no magnetic particles have
a stronger scattering, indicating that more of the larger clusters are forming at an earlier stage in this sample
(cluster size development and fractal dimension plots for these samples can be found in Fig. S2 and Fig. S3 in the
Online Resource). Similar measurements with magnetic particle concentrations of 0.1 wt% and 1 wt%, as well as
for samples of higher NaCl concentrations with 0.1 wt% and 0.5 wt% display the same tendencies of suppressing
scattering at lower q with increasing magnetic particle concentration. The results for 0.1 wt% and 1 wt% at
325 mM can be seen in Fig. 15. Due to the large size of the magnetic microparticles, they displayed settling on
the capillary walls, with some chain formation at the lower magnetic fields. Consequently the explanation for the
suppression of the cluster growth due to increase in magnetic particle concentration is challenging. Most studies
combining colloidal silica with magnetic materials involve the incorporation of, e.g. iron oxide nanoparticles into
the structure of the colloidal silica [49, 50].
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Similarly, two samples were measured at different magnetic field strengths of 0.1 T and 4 T. The results in
Fig. 14 show a similar tendency as that of increasing the magnetic particle concentration. Increasing the magnetic
field strength appears to suppress the larger cluster formation, seen as a lower scattering intensity at low-q values.
A depression of cluster growth of a silica gel with high magnetic field was also found by Sasahara et al. [51],
who discovered that applying a 6 T magnetic field reduced the viscosity the silica solution. This reduction in
viscosity was attributed to a possible reduction in the interactions between particles with OH groups due to the
magnetic field. It was also found that an intermediate species of the sodium silicate solution reacted faster at the
high magnetic field, possibly leading to the decrease in particle sizes, as the magnetic field promotes hydration
around microgels [51]. Another investigation of silica gel formation under magnetic field found that anisotropic gel
networks were produced [52]. From the scattering patterns of the silica gel exposed to high magnetic field during
gelling, we have not observed any anisotropy reflecting an ordering of the gel network.

In contrary to what we are observing for the present system, magnetic fields have been shown to enhance the
aggregation and precipitation of silica in brackish water distribution systems for irrigation. This process involves
the use of a permanent magnetic field placed on a pipeline. It is believed that the reduction of silica due to the
influence of a magnetic field is through a suppression of the electrical double layer, causing silica to aggregate and
precipitate, resulting in its filtering out before reaching the drip irrigation lines [53]. On the other hand, these
observations are on a larger scale than our study. It is possible that the magnetic field inhibits the early cluster
formation of colloidal silica, while enhancing it once it has passed a threshold in aggregate size.
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Fig. 15 Scattering intensity, I, as a function of scattering vector q. Each curve represents a different moment in time,
marked by the different colors. a, b Comparison of two different magnetic particle concentrations. 12 wt% silica, 325 mM
NaCl, 20°C at 0.1 T

4 Conclusion

Both macroscopic and microscopic properties of a silica colloidal gel system have been investigated simultaneously
by use of small angle X-ray scattering and rheology. We found that the activator concentration in form of NaCl
had the strongest effect on gel time, followed by the silica concentration and lastly the temperature. Both the silica
concentration and the NaCl concentration have some effect on the final structure of the gel network, producing
larger clusters for lower silica concentrations and higher NaCl concentrations, and increasing the fractal dimension,
leading to denser gel networks. Increasing temperature on the other hand does not seem to impose large changes
in the gel structure. An applied shear causes major structural changes in the network. The developing network is
broken while forming, allowing the clusters to grow more. Additionally, macroscopically a gel is not formed, but
a viscous fluid. Lastly, applying a magnetic field, or adding magnetic microparticles to the gelling colloidal silica
appears to be suppressing larger cluster formation. Due to the limited literature on the topic of magnetic field
effect on silica gel systems, these effects should be further investigated.
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