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A B S T R A C T   

Magnesium hydroxide (Mg(OH)2) suspensions are encountered in the nuclear industry as legacy waste that is to 
be packaged for long-term storage. It is desirable to increase the solids content of the waste to minimize the total 
volume, yet this would produce high yield stress fluids that are difficult to process. However, high solids content 
suspensions of low yield strength are desired. Blending nano-silica (nano-SiO2) into a high yield stress suspension 
of 27 vol% Mg(OH)2, the suspension yield stress was reduced from 86 Pa to 47 Pa. X-ray CT imaging revealed that 
approximately two-thirds of the 3 vol% nano-SiO2 added to the Mg(OH)2 suspension was well-dispersed, with the 
rest forming large clusters that had minimal interaction with the Mg(OH)2 network. SEM images showed small 
aggregates/individual particles of nano-SiO2 dispersed between Mg(OH)2 particles. We conclude that the finely 
dispersed nano-SiO2 act like ball bearings to lubricate contacts between the irregularly shaped Mg(OH)2 parti
cles, thus decreasing yield stress. When aging the samples for several days, the yield stress of the binary sus
pension increased, reversing the yield stress reduction that was observed within the first day. The network 
stiffening is attributed to the formation of magnesium silicate hydrate (MSH) due to a reaction between soluble 
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Mg2+ and Si(OH)4. The MSH precipitates onto the nano-SiO2 to fuse particles together, thus reducing their 
effectiveness as flow modifiers. While this is a side effect of this particular binary suspension, the initial yield 
stress drop remains encouraging to provide the desired fluid conditions to process legacy wastes.   

1. Introduction 

Yield stress suspensions are ubiquitously encountered in the process 
industries as well as engineered/formulated products, including drilling 
fluids, cosmetics and agricultural formulations [1–3]. While yield stress 
fluids are often needed to deliver a particular product performance, it 
can also be an unwanted property that makes the handling and pro
cessing of such fluids more challenging. Legacy nuclear wastes are one 
particular example where a high yield stress fluid complicates the safe 
handling and long-term storage strategy of the waste [4]. 

Corroded Magnox fuel cladding on nuclear sites has consolidated to 
form high yield stress sediments that are undesirable as they can retain 
hydrogen [5–7], are challenging to retrieve from legacy containment 
vessels [8,9], and are difficult to process into new waste packages for 
long-term storage. Methods to reduce yield stress while maintaining a 
high solids content are highly desired to improve processability but also 
minimize the total volume of waste that will be stored long-term. 
Selecting appropriate additives to modify suspension rheology is chal
lenging because of incompatibilities between the waste and organic flow 
modifiers. Therefore, the study has considered the use of spherical silica 
as a flow modifier. 

Highly concentrated suspensions of metal oxides can exhibit a vari
ety of flow properties, which often depend on the interaction strength 
between colloidal particles [10–13]. By modifying the particle surface 
potential, the electrostatic interaction between colloids is modulated, 
and can be adjusted from strongly attractive at the iso-electric point, 
where the suspension yield stress approaches a maximum, to strongly 
repulsive where the suspension can be Newtonian-like in behavior [10]. 
Furthermore, the effect of modulating yield stress by adjusting the 
electrostatic interaction is more apparent when the occupied volume of 
the suspension is increased, either by adding more solids, or caused by 
low particle sphericity which has the effect of increasing the apparent 
solids volume fraction. Several studies have shown that the yield stress 
dependency on solids volume fraction scales as a power-law [12,14,15], 
with particle shape affecting the maximum packing fraction [16]. While 
this method of flow modification is well-established, it is not an option 
to treat Mg(OH)2 suspensions because of their low surface potentials 
across a range of pHs, and its natural buffering to the iso-electric point 
[17]. 

Alternatively, flow modification can be achieved by adding polymers 
and/or surfactants to the colloidal suspension, modifying not only the 
electrostatic forces but also introducing steric repulsive forces between 
neighboring particles [18–20]. The latter being an effective way of 
modifying rheology in organic solvents where electrostatic forces are 
significantly weakened. However, as previously mentioned, organics 
can cause substantial incompatibility issues when blended with legacy 
nuclear wastes, and hence are considered undesirable as they may 
impact the cement hydration reaction and reduce the lasting durability 
of the waste containment [21,22]. 

Binary or bidisperse suspensions have received significant scientific 
attention because of their challenging contact mechanics, as well as 
them being more relevant to industrial systems, in particular the pro
cessing of ceramics. Cerbelaud and co-workers published a series of 
computational and experimental studies on the heteroaggregation of 
alumina and silica particles [23–26]. With weak electrostatic attraction 
between the dissimilar colloids, their mutual interaction modified the 
apparent surface potential of alumina, thus altering the suspension 
stability. The authors showed that for particles of a similar size, those 
aggregates were more fractal-like, but aggregates could be made more 
compact by increasing the size ratio between the two species. For 

smaller sized silica, the large alumina particles were partially coated by 
silica, noting that the overall surface coverage was significantly below 
that of a close-packed layer, with surface coverage limited by repulsions 
between the silica particles. Even so, the low surface coverage was 
sufficient to induce changes in suspension stability and viscosity, with 
suspension viscosities remaining low for high loading ratios of silica, 
which might be expected since the system is likely dominated by in
teractions between the silica particles, something similar to the work of 
Singh et al. [27]. who discussed the changing contact mechanics in 
bidisperse non-Brownian suspensions. By increasing the volume ratio 
(α) of small particles within the non-Brownian suspension, the authors 
observed both a decrease (for low α, up to α ∼0.5) and increase (for 
α→1) in the relative viscosity. This behavior was attributed to the stress 
contributions of each particle type, shifting from predominately 
large-large contacts at small α, to small-small contacts at large α.

Fisher et al. [28] studied the viscosity of similar alumina-silica sus
pensions but focused on the effect of particle size ratio. For similar sized 
particles, adding silica to the alumina suspension increased its viscosity, 
with the effect attributed to interparticle attraction. However, by 
increasing the size ratio (adding smaller silica particles), the suspension 
viscosity could be lowered eventually exhibiting Newtonian-like 
behavior. The authors attributed such behavior to the shifting 
iso-electric point of the alumina as it is increasingly coated by the 
nanoparticles, with the authors commenting that close-packed coverage 
of silica is needed to achieve the minimum viscosity. While the reduced 
viscosity is apparent, the interpretation of a shifting iso-electric point of 
a binary suspension is difficult to assess from zeta potential measure
ments [29]. This is also similar to the theory proposed by Zhu et al. [30], 
except it was extended to include steric effects caused by the adsorbed 
silica. Reduced viscosities were also reported by Kong et al. [31], but 
interestingly their observations appear to contradict the idea of silica 
nanoparticles coating the alumina to modify its apparent surface po
tential. TEM imaging of a dried alumina particle showed few silica 
particles, hence the authors proposed a nanoparticle ‘halo’ mechanism 
to account for the modified viscosity. This is different to other mecha
nisms as the basis for the ‘halo’ model is non-interaction between the 
silica and alumina particles, thus the reduced viscosity is predominantly 
affected by silica-silica interactions. 

Shape effects of the secondary component were explored by ten 
Brinke et al. [32], who characterized the rheology of 2.5 wt% hectorite 
clay dispersions in the presence of rod, platelet and spherical nano
particles. With a strong attractive interaction potential between the two 
particle types (hectorite clay and secondary particle), the authors 
observed increased rheological parameters (G’, G”, τy, ητ→0), with the 
magnitude of those changes depending on particle shape. Spherical 
particles formed the strongest and most fragile gels, which the authors 
speculated was due to the particles being able to pack more efficiently 
between and thus bridging hectorite particles. However, since those 
comparisons were made for equivalent mass fractions, the authors did 
note that the number of spherical particles was significantly greater than 
the platelet- and rod-shaped particles, potentially screening some of the 
effects of particle shape. 

Although there is significant interest in bidisperse suspensions, 
particularly for rheology and stability control, the mechanism to induce 
those changes remains to be debated. We studied bidisperse suspensions 
of Mg(OH)2 (major component) and nano-SiO2 (minor component), 
with the aim of lowering the yield stress of concentrated Mg(OH)2 by 
achieving good dispersion and distribution of the nano-SiO2 throughout 
the Mg(OH)2 network. At the test conditions there is weak attraction 
between the two particle types, and when adding SiO2 at an 
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approximately equivalent number ratio to that of Mg(OH)2, a significant 
reduction in the yield stress was measured. Because of the limited 
number of SiO2 particles, we did not observe the coating of Mg(OH)2 
particles by SiO2 particles, thus electrostatics and ‘haloing’ would not be 
a factor here, nor would a changing stress contribution in the particle 
network, since the SiO2 particles were sparsely dispersed. However, 
high-resolution imaging revealed the nano-SiO2 to embed between Mg 
(OH)2 particles, suggesting that the spherical particles act as ball bear
ings to enable mobility of the irregularly shaped Mg(OH)2 particles 
under an applied stress. The study provides new insights into rheological 
modification of bidisperse suspensions, and highlights that such changes 
can be achieved with very few secondary particles present in the 
suspension. 

2. Materials and methods 

Magnesium hydroxide (Versamag®, Martin Marietta, US) powder 
with a MgO content <1 % and particle density of 2.36 g/cm3, and 
amorphous colloidal silica (AngstromSphere, Fiber Optic Center, US) 
with a particle density of 1.88 g/cm3 were used as received. SEM images 
of the two particle types are provided in Fig. S1 of the Supporting In
formation showing the colloidal silica is spherical and approximately 
monodispersed, while the Mg(OH)2 particles are larger, irregularly 
shaped and more polydisperse. All suspensions were prepared in 10− 3 M 
NaCl electrolyte solution at pH 9.6, with 1 M HCl or 1 M NaOH used to 
adjust the pH. At these conditions the zeta potentials of magnesium 
hydroxide (Mg(OH)2) and silica (SiO2) were 5.4 mV and − 40 mV, 
respectively, measured using the Zetasizer Advance (Malvern Pan
alytical, UK). The method and zeta potential vs pH dependence are 
shown in the Supporting Information, Fig. S2. Using the same instru
ment, the SiO2 d50 was 102 nm, and the d50 of Mg(OH)2 was 5.4 µm, 
measured using the Mastersizer 3000 (Malvern Panalytical, UK). 

2.1. Sample preparation 

Suspensions of Mg(OH)2 were prepared by gradually adding the 
required mass of Mg(OH)2 powder to 50 mL of 10− 3 M NaCl while 
stirring at 600 rpm (Compact mixer, Cole Parmer) using a 30 mm four- 
blade impeller. After mixing for 10 min the sample was transferred to an 
orbital shaker (Stuart SSL1) and agitated overnight. A similar procedure 
was followed to prepare the dilute SiO2 suspensions, except the sus
pensions were tip-sonicated for 10 min prior to gently agitating over
night. After 24 h the SiO2 suspension was sonicated for 10 min before 
being added dropwise to the Mg(OH)2 suspension while being stirred at 
800 rpm. The binary suspension was agitated for a predetermined 
amount of time prior to measuring its yield stress. 

2.2. Rheology 

A DHR-2 rheometer (TA Instruments, UK) with a vane geometry (D: 
15 mm, L: 38 mm) and sand blasted cup (D = 29.2 mm) was used to 
measure the suspension yield stress. The choice of geometries was made 
to minimize any effects of wall slip [33]. Prior to use, the standard in
strument setup and calibration procedures were followed, with the ge
ometry gap set to 8800 µm. After setup, 40 mL of the mixed suspension 
was poured into the cup and the vane lowered to the gap position. 
Although not needed due to the short measurement time, the solvent 
trap was added to minimize any effect of surface drying. It should be 
noted that the aged suspensions were not pre-sheared as the aim was to 
measure the effects of aging. The suspension yield stress was measured 
using a linear stress ramp protocol which included an equilibration time 
of 200 s, followed by increasing the decreasing the shear stress between 
0 and 200 Pa without any hold time. For each cycle, 600 data points 
were collected at a rate of 1 point/s. The yield stress was determined 
from the Bingham model fitting at the incipient point of increasing shear 
rate [34]. 

2.3. Quartz crystal microbalance 

The time-dependent stiffening (yield stress growth) of the binary 
particle suspension was measured using a dip-probe quartz crystal mi
crobalance (QCM) (SRS QCM200, US). A 5 MHz gold-coated AT-cut 
quartz sensor was cleaned by sonicating in 2 vol% Decon-90 solution, 
then rinsed with Milli-Q water before drying with nitrogen gas. With the 
sensor mounted in the holder, a stable baseline (< 5 Hz/h) in air was 
established by allowing the sensor to run for ∼30 min. The sensor was 
then fully submerged in 50 mL of suspension and the sample beaker 
rotated to ensure good contact between the sample and sensor. A thin 
layer of mineral oil was added on top of the suspension and the sample 
beaker sealed with Parafilm to avoid sample drying. The sample beaker 
with QCM was then placed in a water bath maintained at 30◦C. The 
instrument capacitance was adjusted to ‘null’ so that the frequency and 
resistance values corresponded to the true series resonant parameters of 
the quartz oscillator. The sensor resonance properties were then 
measured for 40 h. 

2.4. Thermal analysis 

A combined thermogravimetric analyzer and differential scanning 
calorimeter (TGA/DSC Simultaneous Thermal Analysis, Mettler Toledo, 
US) was used to detect the presence of magnesium silicate hydrate 
(MSH) in aged suspensions. The aged suspensions were gently mixed 
before sampling 45 – 60 mg to be loaded into an alumina crucible. The 
heat ramp was from 30 to 1000◦C at 10 ◦C/min with a flow of nitrogen 
gas over the sample. Both the heat flow (mW) and mass change (mg) 
were simultaneously measured. 

2.5. UV–visible spectroscopy 

The concentration of dissolved silica was measured using UV–visible 
spectroscopy (Cary 60, Aligent Technologies, US). The method used was 
adapted from Yang et al. [35]. Mixed suspensions were prepared and 
aged as previously described and then centrifuged at 9000 rpm for 
20 min to recover the supernatant. The supernatant was then syringe 
filtered (250 nm pore size), pH adjusted to pH 2 using 1 M HCl, and 
diluted (1:1 vol ratio) with Milli-Q water. 25 mL of the sample was 
reacted with 1.5 mL of 7.5 % ammonium molybdate solution to form a 
weakly yellow Mo(VI) complex (Eq.1). Tartaric acid (4 mL, 10 mol%) 
was added before reducing to the silico-molybdenum blue complex 
containing Mo(VI) and Mo(V) with 1 mL of a pre-mixed reducing solu
tion which consisted of 4-amino 3-hydroxynaphthalene 1-sulfonic acid 
(0.15 g), sodium sulphite (0.7 g) and sodium hydrogen sulphite (20 mL, 
45 mol%) in Milli-Q water (100 mL). After adding all reagents the so
lutions were left for 1 h before adding 3.5 mL to a quartz cuvette and 
measuring the UV–visible absorbance spectrum between 200 and 
800 nm. The peak absorbance at 680 nm was measured and the dis
solved silica concentration determined using a calibration line (Fig. S4) 
based on a silica standard (32.09 mg/L, Fisher Scientific). 

The proposed reactions are as follows, adapted from Strickland[36] 
and Nagul et al. [37]: 

SiO4
4− + 12[MoO4

2− ] + 28H+→H4SiMo12O40 + 12H2O (1)  

H4SiMo12O40 + reducing agent→[H5SiMo6+
8 Mo5+

4 O40]
3− (2)  

where H4SiMo12O40 is a yellow Mo(VI) complex that is partially reduced 
by SO3

2- anions in the reducing agent to form the blue Mo(V)/Mo(VI) 
complex in Eq. 2. 

2.6. Imaging 

Scanning electron microscope (SEM) images of the binary suspen
sions were taken using a Nova 450 NanoSEM, (FEI, US). A voltage of 
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3 kV was used with an ideal resolution of 0.78 nm and magnification 
range between 100× – 750,000× . 

Both laboratory-based and synchrotron X-ray computed tomography 
was used to image the larger SiO2 clusters distributed throughout the 
suspension non-destructively in 3D. 

Synchrotron at Diamond Light Source (Didcot, UK): On beamline I13–2 
a pink beam centred around 27 keV was used and filtered using a 
140 µm thick Fe filter and a 20 µm thick Ni foil to stop the sample from 
boiling. The projections were acquired using a PCO edge 5.5 camera 
with 4× magnification resulting in a pixel size of 1.625 µm and a 4.2 ×
3.5 mm field of view. Binary suspensions were prepared following the 
standard procedure and 1.5 mL was subsampled and sealed in a poly
propylene tube (Eppendorf Tubes® 3810X) to be mounted on the to
mography stage. The exposure time for each projection was 0.2 s, with a 
total acquisition time of 13 min. The tomographic reconstructions were 
performed using Savu 3.0 processing pipeline [38]. Post-processing of 
the images was done using the Avizo 2022.1 Software (ThermoFisher 
Scientific, USA). A sub-volume of the full scan volume was taken (2066 
× 2323 × 3413 µm3) and a series of image filters were applied before 
threshold segmentation of SiO2 enabled cluster volumes ≥ 1 × 105 µm3 

to be isolated for volume analysis. 
Laboratory-based X-ray tomography at Sheffield Tomography Centre: 

SiO2 clusters were imaged using a ZEISS Microscopy (Germany) Xradia 
Versa 620 X-ray Microscope (XRM). Subsamples of the suspension 
(0.06 mL) were syringed (15 G) into Kapton polyamide tubing (i.d. =
1.8 mm, L = 25 mm, wall thickness 0.05 mm) which was sealed and 
mounted onto an aluminium pin (w = 1.5 mm, L = 30 mm) for imaging. 
X-ray source conditions of 80 kV, 90 µA and 4 W was used with a 4 ×
objective lens that provided a field of view of 3047 µm2 and a 3 µm voxel 
size. The sample was scanned in four sections each of 801 projections 
that were then automatically stitched together to provide an image of 
the whole tube length. The total scan time for each sample was 2.25 h. 
The reconstructed images were post processed using ORS Dragonfly 
software (Version 2020.2, Object Research Systems (ORS) Inc, Montreal, 
Canada, 2020). A cylindrical volume of length 3.55 mm and radius 
0.88 mm was extracted from the centre of the scan which allowed 
thresholding and segmentation of SiO2 clusters using Dragonfly’s multi- 
ROI tool. The clusters were isolated at volumes ≥ 1.2 × 10− 5 mm3 and 
colour coded to represent the different cluster volumes. 

3. Results and discussion 

3.1. Suspension yield stress 

Yield stress is the critical stress which is to be exceeded to initiate 
flow. For particle suspensions, the yield stress depends on the number of 
particle contacts and the interaction strength between those contacts, 
which for colloidal particles is modified by the balance between 
attractive (van der Waals) and dispersive (electrical double layer) forces. 
In a binary suspension of two particle types, the total interaction energy 
(VT) between two dissimilar particles can be approximated by the Hogg- 
Healy-Fuerstenau (HHF) equation (summation of Eqs. 3 and 4), where 
Eq. 3 describes the electrostatic repulsive forces and Eq. 4 the van der 
Waals attractive forces [39]. The differences between the two particle 
types are accounted for by the particle radius (a), surface potential (ψ) 
and Hamaker constant (A): 

VR = −
πε0εra1a2

(a1+a2)

(

2ψ1ψ2ln
[

1 + e− κH

1 − e− κH

]

+
(
ψ1

2+ψ2
2)ln

[
1 − e− 2κH]

)

(3)  

VA = −
A123

6H
a1a2

(a1 + a2)
(4)  

where ε0 is the permittivity of free space, εr the permittivity of the 
medium, κ the inverse Debye length, and H the particle-particle sepa
ration distance. 

Considering the two particle types, SiO2 and Mg(OH)2, the interac
tion potential between SiO2-SiO2 at pH 9.6 in 10− 3 M NaCl is calculated 
to be repulsive (Fig. 1a) due to the high surface potential (-40 mV) of 
SiO2 at those conditions. However, with no reported Hamaker constant 
value for Mg(OH)2, the theoretical interaction potential could only be 
approximated by considering the properties of MgO. For MgO-MgO, the 
interaction potential at those same conditions is strongly attractive 
(Fig. 1a), caused by the low surface potential (+5 mV) and strong van 
der Waals forces due to the Hamaker constant. For the mixed system 
SiO2-MgO, the interaction potential is weakly attractive and occurs over 
a much shorter separation distance than seen for MgO-MgO. Hence, for 
the binary particle suspensions the interaction potential between the 
two particle types decreases in the following order: MgO-MgO > SiO2- 
MgO > SiO2-SiO2. Therefore, the HHF theory suggests that the SiO2 
particles should be readily dispersed and therefore easier to distribute 
throughout the network of aggregated Mg(OH)2 particles. 

Dynamic light scattering of Mg(OH)2 and SiO2 particles at the test 
conditions was qualitatively used to verify those differences in the 
aggregated-state of the two particle types. For SiO2, the d50 particle size 
was almost the same as the primary particle size (∼102 nm), while for 
Mg(OH)2 the d50 was almost 20 times larger than the primary particle 
size of ∼250 nm, see Fig. S3 of the Supporting Information. Due to 
difficulties in measuring the primary particle size of Mg(OH)2 by dy
namic light scattering (highly aggregated and irregular shape), the pri
mary particle size (dprim) was approximated from the particle specific 
surface area (SSA, m2/g) and density (ρ, g/cm3) by dprim(nm) = 6000

SSA•ρ,

which assumes a size based on the equivalent spherical diameter[40]. 
After mixing the minor component (SiO2 suspension) into the Mg 

(OH)2 suspension, sub-millimeter sized clusters of SiO2 were found to be 
distributed throughout the binary suspension, see Fig. 2a for the X-ray 
CT image of the Mg(OH)2 + SiO2 suspension prepared to 27:3 vol%:vol 
%. Reconstructing the 3D image (Fig. 2b) reveals a significant number of 
silica clusters distributed throughout the suspension, even though the 
sample preparation method had been optimized such that the volume 
base particle size distribution had a d50 of 102 nm. Fig. 2b shows silica 
clusters larger than 1× 105 µm3, and hence there is a fraction of the 
added silica that is below the threshold. A simple calculation based on 
the measured occupied volume of silica (assuming closed packed 
spheres) and the initial silica volume fraction suggests that approxi
mately 62 % of the added silica is well dispersed (below the volume 
threshold) throughout the Mg(OH)2 suspension. SEM imaging was able 
to reveal those smaller silica clusters and even single silica particles 
distributed throughout the Mg(OH)2 suspension (Fig. 1b). The SEM 
image also confirms that the SiO2 particles do not fully coat the Mg(OH)2 
particles, but are more randomly distributed on the surface of a few Mg 
(OH)2 particles, as well as positioning in the void spaces between the 
larger Mg(OH)2 particles. 

Although adding the nano-sized silica to the Mg(OH)2 suspension 
increases the total solids volume fraction (27–30 vol%), the binary 
suspension had a substantially lower yield stress compared to the Mg 
(OH)2 suspension, 47 Pa compared to 86 Pa (Fig. 2c). As discussed 
earlier, the proposed mechanisms for rheological modification are often 
attributed to changes in the electrostatic interactions (induced by par
ticle coatings), ‘haloing’ the larger particles by smaller particles, or 
changing the stress contribution within the particle network [28,30,31]. 
Since these mechanisms rely on the smaller particles surrounding the 
larger particles, or a significant network of the smaller particles being 
formed within the suspension, such mechanisms would not be relevant 
to our observation. From the high-resolution image (Fig. 1b) we see the 
SiO2 particles to be sparsely dispersed, with the nano-SiO2 embedded 
between Mg(OH)2 particles, suggesting that the spherical particles act as 
ball bearings to enhance mobility of the irregularly shaped Mg(OH)2 
particles under an applied stress. Although the data is not shown here, 
when adding other dispersed non-spherical nanoparticles to the Mg 
(OH)2 suspension such as TiO2, BaSO4, CeO2 and ZrO2, the yield stress of 
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Fig. 1. Total interaction potential approximated using the HHF theory (a). The Hamaker constants used were: i) MgO–MgO, AH = 1.21× 10− 19 J; ii) SiO2–SiO2, AH =

6.5× 10− 20 J; and iii) MgO − H2O − SiO2, A132 = 9.73× 10− 21 J. The zeta potentials were +5 mV for Mg(OH)2 and − 40 mV for SiO2. SEM micrograph of the binary 
suspension of Mg(OH)2 and SiO2 prepared to 27:3 vol%:vol% (b). 

Fig. 2. Binary suspension of Mg(OH)2 and SiO2 (27:3 vol%:vol%) imaged by synchrotron X-ray CT (a). Segmented X-ray CT volume highlighting SiO2 clusters with a 
volume greater than 1× 105 µm3 (b). Upwards stress ramp of Mg(OH)2 and Mg(OH)2:SiO2 suspensions (c), solid lines are the Bingham model fittings: Mg(OH)2, σy =

86 Pa and ηB = 0.06 Pa.s; Mg(OH)2:SiO2, σy = 47 Pa and ηB = 0.01 Pa.s. 

Fig. 3. Segmented laboratory X-ray CT volume analysis of the binary suspension (Mg(OH)2 and SiO2, 27:3 vol%:vol%) imaged on Day 0 and Day 1 (a). The images 
show SiO2 clusters with a volume greater than 1.2× 10− 5 mm3. Number and volume base size of SiO2 clusters in the Day 0 and Day 1 samples (b). Inset shows the full 
volume range. 
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the binary suspension did not change. Hence, particle shape, more 
specifically particle sphericity, appears critical to the observed effect, 
and further supports the idea that the mechanism to lower yield stress is 
akin to ball bearings reducing contact friction. 

3.2. Suspension aging 

Although the yield stress of the Mg(OH)2 suspension can be lowered 
when adding nano-SiO2, the binary suspension yield stress was found to 
be time-dependent and would increase if left for prolonged periods of 
time, see Fig. 4. Such aging could be attributed to the stiffening of the Mg 
(OH)2 network, which has been shown to result from dissolution of the 
MgO content at high pH (MgO content of the Versamag® sample = 1 wt 
%), and its subsequent hydration to Mg(OH)2 which then re-precipitates 
onto the particle network, stiffening contacts and increasing yield 
strength [41]. However, the aging effect seen for the binary suspension 
is more severe than the Mg(OH)2 suspension, suggesting another factor 
more significantly influences yield stress growth. 

During the first 24 h the yield stress of the binary suspension 
decreased. X-ray CT images (Fig. 3a) of the same sample imaged 
immediately after preparation and one day later showed that the num
ber of large silica clusters appeared to decrease slightly (Fig. 3b). 
Recognizing that this is a small dataset, and being careful not to over 
interpret the images, the reduced cluster size may suggest better 
dispersion of the nano-SiO2 particles, which would be favorable to 
reduce yield stress based upon the proposed mechanism. Furthermore, 
gentle agitation of the sample could better distribute nano-SiO2 
throughout the Mg(OH)2 network, again increasing the number of dis
similar contacts which would also promote a reduced yield stress. 
Although it is not possible to say which mechanism contributes most to 
this time-dependency, it is likely that both effects (particle distribution 
and dispersion) enhance the yield stress reduction. 

After Day 1 the yield stress increased for both the unagitated and 
agitated binary suspensions, with both suspensions having at yield stress 
that exceeded that of the 27 vol% Mg(OH)2 suspension after Day 7, see  
Fig. 4. Although both suspensions exhibited yield stress growth, the ef
fect was more severe in the unagitated sample, suggesting that the 
mechanism for yield stress growth is partly disrupted when the sample is 
continually agitated. It is worth noting that the higher error for the Day 5 
measurements of the unagitated samples is a consequence of the high 
yield stress and the absence of a sample pre-shear in the test method. A 
pre-shear would normally be run to nullify any effects of sample history, 
but for this study those sample history effects are important to measure. 

The yield stress growth in the unagitated suspension (Mg(OH)2 +

SiO2 at 27:3 vol%:vol%) was verified using the QCM technique. This is a 
method we have previously used to monitor yield stress changes in Mg 
(OH)2 suspensions, with further details of the method provided in Botha 
et al. [41]. With the QCM sensor submerged in the sample, the resonance 
frequency (ΔF1) and resistance (ΔR1) were continuously measured 
(Fig. 5a), and the differential loss tangent ( ΔΓ

ΔF1
), where ΔΓ ∼ 2 ΔR1, 

plotted as a function of time, see Fig. 5b. Here, ΔΓ is a measure of the 
material losses (i.e. viscous dampening), and ΔF1 a measure of the 
material stiffness. Therefore, a decreasing ratio of ΔΓ

ΔF1 
confirms the par

ticle network to be stiffening. 
Fig. 5a shows that for water the resonance properties of the sensor 

remain unchanged over 40 h, confirming its good resonance stability. 
However, for the binary suspension both the resonance frequency and 
resistance increase with time. The differential loss tangent shows three 
distinct regions as the suspension ages (Fig. 5b). Region I (0 – 10 h) has a 
ΔΓ
ΔF1 

slope of 2.5, indicating that the suspension is becoming more lossy, 
likely reflecting the yield stress decrease immediately following mixing 
of silica with Mg(OH)2. Then, Region II (10 – 18 h) has a reduced slope 
of 1.1, and in Region III (> 18 h) the slope is reduced further to 0.6. 
Regions II and III confirm that the particle network is stiffening which is 
in good agreement with the findings from the yield stress measurements. 
It is worth noting that the sample is undisturbed in the QCM test and so 
the data cannot be influenced by sample handling, yet the response is 
characteristic of those yield stress changes seen in Fig. 4, where yield 
strength initially reduces before a period of prolonged particle network 
stiffening. 

The prolonged stiffening of the particle network can be better un
derstood by considering the dynamically changing surface and aqueous 
chemistries in alkaline conditions. At pH > 9 the surface hydroxyls of Mg 
(OH)2 are in equilibrium as follows: Mg(OH)2(s)⇌Mg2+

(aq) + 2OH− . 
However, at high pH the rate of dissolution of colloidal silica increases, 
forming silicic acid (Si(OH)4) due to hydrolysis of the silicon-oxygen 
bonds. The acid lowers the solution pH and shifts the reaction equilib
rium of Mg(OH)2 to release more Mg2+

(aq) and OH- to counteract this, thus 
accelerating the reaction further and creating ongoing fluctuations in pH 
[42]. 

The amount of dissolved silica in the suspension liquor was measured 
using UV–vis (Fig. 6a). During the initial phase of sample aging (Day 0 to 
Day 3) the peak absorbance was high and increased slightly, confirming 
a high concentration of dissolved silica in the aqueous phase. After Day 3 
the concentration slightly reduced up to Day 7, before being almost 
depleted at Day 14. The data suggests that initially there is an abundance 
of aqueous Si that is able to complex with Mg2+

(aq), but with aging the 
rate of complexation decreases due to the low reactant concentration. 
With the particle number ratio in the binary suspension being 1–2 (Mg 
(OH)2 to SiO2), and the specific surface areas of the two particle types 
being 10.22 m2/kg for Mg(OH)2 and 2–6 m2/kg for SiO2, the reduced 
concentration of aqueous Si cannot be attributed to the lack of available 
silica, but likely results from another mechanism that limits its 
dissolution. 

DSC analysis of samples aged for significantly longer periods of time 
identified two endothermic peaks (Fig. 6b), the first associated with the 
loss of free water and the second being the decomposition of Mg(OH)2, 
as well as one smaller exothermic peak at ~850 ◦C which has been 
attributed to the crystallisation of amorphous magnesium silicate hy
drate (MSH) into MgSiO3 [43,44]. With no exothermic peak measured in 
the Day 3 sample, suggesting either the absence of very low concen
tration of MSH, with prolonged aging (1 and 6 months) the MSH peak is 
measurable. The enthalpies of those transitions are 70 J/g and 78 J/g 
for the 1-month and 6-month samples respectively, suggesting that MSH 
is rapidly formed within the first month (maybe shorter than one month) 
and changes thereafter are negligible, in good agreement with the 
UV–vis findings. Fig. 4. Yield stress of the Mg(OH)2 and binary (Mg(OH)2 and SiO2, 27:3 vol%: 

vol%) suspensions as a function of aging time at ambient conditions. 
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Although not measurable by DSC, high resolution SEM imaging 
suggests that MSH is forming within the first seven days (Fig. 6c). 
Samples collected from the Day 0 and Day 1 suspensions show particles 
with defined edges and particle surfaces that appear visually smooth. 
However, after aging for seven days those defined edges are no longer 
visible, with both particles (more specifically the silica particles) 
appearing significantly roughened, and even fused together. Dewitte 
et al. [45] described the formation of MSH as “globular chains”, and 
Zhang et al. noted that with longer aging times MSH forms a shell 
around the slowly dissolving silica particles [46]. Our findings appear 

consistent with those studies and confirm that the formation of precip
itated MSH hinders the ongoing dissolution of silica, as well as acting to 
fuse together the nano-SiO2, and possibly the Mg(OH)2 and nano-SiO2 
particles. Even though the silica particles become less spherical, such 
change is not thought to contribute to the increased yield stress (Fig. 4), 
which is more likely affected by the MSH binding particles together. 
Further support for MSH binding is that yield stress growth was less 
severe when gently agitating the sample, thus particle-particle contacts 
are continually disrupted and the formation of a coating to fuse particles 
together is less likely to form. This would agree with other studies that 

Fig. 5. Time dependent frequency and resistance responses of the QCM submerged in water, Mg(OH)2 and binary (Mg(OH)2 and SiO2, 27:3 vol%:vol%) suspensions 
(a). Differential loss tangent (ΔΓ/ΔF) with sample aging showing the binary suspension to have three distinct regions of aging: Region I ΔΓ/ΔF = 2.5, R2 

= 0.99; 
Region II ΔΓ/ΔF = 1.1, R2 = 0.99; and Region III ΔΓ/ΔF = 0.6, R2 = 0.99 (b). 

Fig. 6. Chemical characterisation of the aqueous and solid phases during aging of the binary suspension, Mg(OH)2 and SiO2, 27:3 vol%:vol%. Dissolved silica 
concentration measured by UV–vis (a); Thermal analysis of aged binary suspensions confirming the presence of MSH in the one and six month samples (b); SEM 
images of the same sample aged for seven days (c). The expanded region highlights the roughening of the silica particles due an MSH coating that fuses together the 
colloidal particles. 
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suggested that MSH “bridges” can be broken when sheared [47], and 
reformation of the coating led to weaker binding of the particles [48]. 

The mechanism for yield stress growth is shown in Fig. 7. With the 
suspension pH at 9.6 there is an amount of Mg2+ in solution that is in 
equilibrium with Mg(OH)2. This equilibrium is then shifted as the 
colloidal silica dissolves to form Si(OH)4, reducing the solution pH and 
releasing more Mg2+ as well as OH- which slightly stabilizes the solution 
pH. It is worth noting that the suspension pH decreased from pH 9.6–9 
between Day 0 to Day 3. The Si(OH)4 and Mg2+ complex to form a MSH 
gel that consumes the dissolved species which are then replaced due to 
an excess of accessible surface groups. The MSH gel is able to bind with 
the polar groups on the SiO2 surface, forming a coating that reduces 
accessible surface groups and begins to inhibit further dissolution of 
SiO2 [49]. With aging the ionic composition of the solution changes, 
varying the stoichiometry which effects the composition of the MSH gel, 
likely forming different magnesium silicate structures [50,51]. Eventu
ally the accessible SiO2 surface sites are shielded by the MSH coating, 
and its ongoing formation is significantly hindered. As the MSH gel coats 
the nano-SiO2 surface it fuses particles together, reducing their effec
tiveness as flow modifiers, but also strengthens particle-particle contacts 
which promotes yield stress growth. 

4. Conclusions 

Binary/bidisperse suspensions have received significant scientific 
interest, not only because of their industrial relevance, but because the 
mechanism by which rheological modification is achieved remains to be 
debated. A binary suspension of Mg(OH)2 and nano-SiO2 was studied to 
understand how yield stress could be reduced by adding small amounts 
of nano-SiO2. The system is particularly relevant to the processing of 
intermediate-level nuclear waste in the UK, which is predominantly 
magnesium hydroxide. Being able to reduce yield stress but maintain a 
high solids content is favorable for processing and encapsulation of the 
waste for long-term storage. 

Adding nano-SiO2 at an approximately equivalent number ratio to 
Mg(OH)2, the yield stress of the binary suspension was reduced by 
almost 50 % compared to the Mg(OH)2 suspension. X-ray CT imaging 
revealed that approximately two-thirds of the 3 vol% nano-SiO2 added 
to the Mg(OH)2 suspension was well-dispersed, with the rest forming 
large clusters that had minimal interaction with the Mg(OH)2 network. 
SEM images showed small aggregates/individual particles of nano-SiO2 
dispersed between Mg(OH)2 particles. We conclude that the finely 
dispersed nano-SiO2 act as ball bearings to lubricate contacts between 
the irregularly shaped Mg(OH)2 particles, thus decreasing yield stress. 

The ball bearing lubrication mechanism provides new insight into 
achieving rheological modification with few secondary particles 
dispersed and distributed throughout the Mg(OH)2 network. The 
mechanism differs from other proposed mechanisms (particle coatings 
to modify electrostatic interactions, nanoparticle ‘haloing’ of the larger 
particles, and deviated stress distribution via the smaller particle 
network) which rely on more contribution from the secondary particles. 

A side effect of this particular binary suspension is the reaction be
tween soluble Si(OH)4 and Mg2+ to form magnesium silicate hydrate 
(MSH). The MSH precipitates onto the nano-SiO2 to fuse particles 
together, thus reducing their effectiveness as flow modifiers and 
increasing the suspension yield stress. However, the reaction kinetics are 
sufficiently slow that any impact on the processability of the material 
(for the nuclear application) would be negligible. 

The practical benefit of decreasing yield stress is that higher solids 
content suspensions of nuclear waste can be processed and encapsulated 
for long-term storage. Since the volume of waste to be stored is signifi
cant, any improvement in solid content loading will considerably reduce 
the total number of waste packages stored, which is not only an eco
nomic benefit, but more crucially reduces the hazard of storing the 
nuclear waste. 
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