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Hypothesis: The rheology of complex suspensions, such as nuclear waste slurries at the Hanford and
Savannah River sites, imposes significant challenges on industrial-scale processing. Investigating the rhe-
ology and connecting it to the agglomerate morphology and underlying particle interactions in slurries
will provide important fundamental knowledge, as well as prescriptive data for practical applications.
Here, we use suspensions of nano-scale aluminum oxyhydroxide minerals in the form of boehmite as
an analog of the radioactive waste slurry to investigate the correlation between particle interactions,
agglomerate morphology, and slurry rheology.
Experiments: A combination of Couette rheometry and small-angle scattering techniques (independently
and simultaneously) were used to understand how agglomerate structure of slurry changes under flow
and how these structural changes manifest themselves in the bulk rheology of the suspensions.
Findings: Our experiments show that the boehmite slurries are thixotropic, with the rheology and struc-
ture of the suspensions changing with increasing exposure to flow. In the slurries, particle agglomerates
begin as loose, system-spanning clusters, but exposure to moderate shear rates causes the agglomerates
to irreversibly consolidate into denser clusters of finite size. The structural changes directly influence the
rheological properties of the slurries such as viscosity and viscoelasticity. Our study shows that solution
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pH affects the amount of structural rearrangement and the kinetics of the rearrangement process, with an
increase in pH leading to faster and more dramatic changes in bulk rheology, which can be understood via
correlations between particle interactions and the strength of particle network. Nearly identical struc-
tural changes were also observed in Poiseuille flow geometries, implying that the observed changes
are relevant in pipe flow as well.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

The ability to effectively and efficiently transport slurries and
sludges is a key processing aspect in a wide array of industrial
applications such as cosmetics, paints, health care products, con-
crete production, mining, and many others [1–4]. However, trans-
port of suspensions of solid particles is particularly challenging due
to complicating phenomena such as sedimentation [5–8] and par-
ticle network formation [9–14], which are strongly correlated to
physicochemical conditions. For example, radioactive waste slur-
ries located at Hanford, WA are a particularly complex class of sus-
pensions due to high concentrations of electrolytes, caustic
conditions (pHs ranging from 11 to 12), a collection of mineral
solid particles and long-term irradiation of the whole. The most
prevalent mineral species in the slurries are gibbsite (Al(OH)3)
and boehmite (c-AlO(OH))) with irregular shapes and broad size
distributions (from 100s of nm up to 1000s of lm). The US Depart-
ment of Energy (DOE) projects that it will require 50+ years and
hundreds of billions of dollars to retrieve and process these mate-
rials; one of the key difficulties would be anticipating slurry rheol-
ogy within and between waste holding tanks [15]. More
specifically, the irregular shapes and rough surfaces of the solid
particles in the waste slurries, combined with the unique physico-
chemical conditions, currently prohibit calculation of particle
interactions. This lack of fundamental understanding poses signif-
icant challenges for describing the colloidal and hydrodynamic
interactions, particle size evolution, and development of hierarchi-
cal structures in the slurries.

In most suspensions micro-scale interparticle forces control the
macro-scale rheological properties of the slurry and generate
mechanical resistance to an external flow field such as shearing;
these interparticle forces are thus a critical component in under-
standing slurry rheology. They result in the generation of fluid-
spanning floc structures due to aggregation, fusion, and/or coars-
ening [16–20] that are directly responsible for overall rheological
behavior [21,22]. For example, the yield stress of attractive particle
suspensions [23] is dependent on the spatial configuration of par-
ticles in agglomerates (i.e., fractal dimension of the particle net-
work) and strength [24] of interparticle interactions. This
structural effect can be just as important in determining the yield
stress as the solid particle volume fraction [7]. Therefore, charac-
terizing the correlations between the suspension rheology, physic-
ochemical parameters (e.g., pH and salt concentrations), and the
agglomerate morphology of the particle network will provide crit-
ical insights into how slurries can be processed.

Previous studies on the attractive and repulsive particle interac-
tions of boehmite nanocrystals using dynamic light scattering
(DLS) and small-angle neutron scattering (SANS) showed
orientation-dependent colloidal and hydrodynamic interactions,
along with the effects of ionic strength, salt species, and pH, and
their influences on aggregation kinetics and agglomerate morphol-
ogy in the absence of an external flow field [25,26]. In order to
understand the correlation between micro-scale interparticle
forces and macro-scale rheology on the basis of such previous
studies, we here study changes in boehmite agglomerates struc-
tures under shear (Couette) flows and analyzed how these
structural changes manifest themselves in bulk suspension
rheology. For simplicity, we have used a model dispersion contain-
ing only boehmite nanocrystals. This work focused on investigating
slurries at two different pH conditions (pH 9 and pH 13) and
understanding how the agglomerate morphology and rheology of
the slurry changes under different flow conditions. In the first
section, the slurries were subjected to a series of increasing shear
rates while tracking the rheological changes. The second section
investigated the time-dependence of the viscoelastic behavior
and agglomerate morphology of the slurries when exposed to a
single shear rate. Lastly, a brief set of experiments was used to
show that similar changes to those observed in Couette flow are
seen when the slurry is exposed to pressure-driven pipe (i.e.,
Poiseuille) flow, as well. Simple physical interpretations of our
experiments, connecting to particle interactions and agglomerate
morphology, will be provided.
2. Materials and methods

2.1. Preparation of boehmite nanocrystals

Boehmite nanocrystals were synthesized using our previously
reported method [27]. Aluminum nitrate (Al(NO3)3�9H2O, �98%,
Sigma-Aldrich Chemical Reagent Co. Ltd., USA) and sodium
hydroxide (NaOH, �98%, Sigma-Aldrich Chemical Reagent Co.
Ltd., USA) were dissolved into deionized water to make 0.25 M
and 3 M solutions, respectively. Then 3 M NaOH was added into
the 0.25 M Al(NO3)3 while stirring at room temperature to adjust
the solution pH to ~10.0. After continuous stirring for 1 h, the Al
(OH)3 precipitates were collected by centrifugation and then
washed with deionized water three times to remove all soluble
salts. Al(OH)3 precipitates were then dispersed into deionized
water and 3 M NaOH (aq.) was added. In the mixture, the concen-
trations of the Al(OH)3 precipitates [defined as the concentration of
Al(III)] and NaOH were 0.5 M and 0.2 M, respectively. 1.6 L of the
mixture then was transferred into a 2 L Parr steel vessel and stirred
at 100 rpm at 120 �C for 48 h. The resulting solids were recovered
by centrifugation, followed by washing with deionized water three
times and drying at 80 �C overnight. The sample was characterized
by XRD, scanning electron microscopy (SEM), and transmission
electron microscopy (TEM).
2.2. Fluid preparation

Fluids were prepared in a glovebox under an inert N2 or Ar
atmosphere to minimize exposure to air and possible formation
of Na2CO3. An aqueous solution at pH 14 was prepared using 18
MX�cm water (Milli-Q Advantage A10) sparged water and NaOH
(�98%, Sigma-Aldrich). This solution was then diluted to the
desired pH. After 24 h of equilibration, additional NaOH was added
to return the samples to the desired pH values if needed. All pH
values were determined using either an Orion Products glass elec-
trode with a Denver Instruments model 250 m pH meter or a Cole-
Parmer double-junction electrode with an Oakton Ion 700 pH
meter.
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2.3. Suspension preparation

Boehmite crystal suspensions were prepared by weighing out
the desired mass of boehmite powder (i.e., 5 wt%) using a
microbalance and then adding the required volume of the previ-
ously described aqueous solutions to achieve the desired mass
fraction of boehmite. The listed bulk density of boehmite in the
literature is 3.040 g/cm3, which would imply a volume fraction
of ~0.017 for the samples measured in this work. Assuming that
nanoparticles have a density equal to that of the bulk is, however,
often inaccurate and this value is only a rough approximation.
After weighing, unless otherwise stated, the boehmite was dis-
persed via sonication with a probe sonicator (500 W, 1/400 diame-
ter tip, 70% amplitude, 5 mins at 50% duty cycle). Prior to the
experiments samples were stored under inert gases in septa-
sealed bottles. Samples were transferred to rheometer geometries
and SANS cells under inert atmosphere when possible, or using
methods to minimize exposure to air where inert gases were
not available.

2.4. Rheological characterization and shear flow

Rheological measurements were conducted using an Anton Paar
MCR 301 stress-controlled rheometer. Two measurement geome-
tries were used. For offline characterization of suspension rheology
a stainless steel Mooney-Ewart concentric cylinder was employed,
with an inner cylinder radius of 10.5 mm and a gap between the
inner and outer cylinders of 0.9 mm. A Mooney-Ewart geometry
was used to ensure that the entire sample experienced a uniform
shear rate. For measurements with concurrent neutron scattering
a specialized RheoSANS geometry was employed consisting of a
quartz Mooney-Ewart concentric cylinder with an inner cylinder
radius of 24 mm and a gap between the inner and outer cylinders
of 1 mm. Quartz was used in order to maximize neutron trans-
parency and minimize parasitic neutron scattering. Both geome-
tries were used as specified by the manufacturer and appropriate
steps were taken to minimize measurement artifacts and correct
for system inertia.

Poiseuille flow experiments were carried out using PEEK capil-
lary tubing with an inside diameter of 0.8 mm. Flow was produced
using New Era NE-1000 syringe pumps. The flow rate was selected
to yield a wall shear rate similar to that in the Couette RheoSANS
geometry. In pressure-driven flow, however, there is a gradient
of shear rates across the tubing diameter. Thus, the entire sample
is not subjected to an equal shear flow during a single pass through
the tubing. Therefore, a short length (approx. 8 cm) of tubing was
used and the sample was passed back and forth between two
opposing syringe pumps a sufficient number of times to expect
that the entire sample experienced some shear flow at, or near
the maximum rate near the wall. As the Reynolds number inside
the capillary (assuming the worst-case scenario of water viscosity)
is ~62, flow should be laminar. The entrance length is on the order
of 3–6% of the total tubing length, and thus entrance effects should
have little effect on the result. However, neither of these values
account for the non-Newtonian, nor thixotropic nature of the sus-
pension. They are meant to show that flow can be expected to be
laminar and fully-developed for much of the tubing length. The
number of passes through the tubing was scaled so that the ‘aver-
age’ sample volume experienced the wall shear rate for an amount
of time roughly equivalent to that of the sample in the Couette cell
(which has an almost entirely uniform shear rate throughout).
While the two flow geometries are clearly not exactly physically
equivalent, attempts were made to make them as similar as possi-
ble. Samples were removed from syringe pumps after 8 and 20
passes and placed in static, titanium scattering cells for USANS
characterization.
2.5. Boehmite characterization

2.5.1. X-ray diffraction (XRD)
XRD measurements were performed on a Philips X’pert Multi-

Purpose Diffractometer (MPD) (PANAlytical, Almelo, The Nether-
lands) equipped with a fixed Cu anode operating at 50 kV and
40 mA. The XRD pattern was collected from 5 to 80� 2h. Phase iden-
tification was performed using JADE 9.5.1 from Materials Data Inc.,
and the 2012 PDF4 + database from the International Center for
Diffraction Data (ICDD) database.
2.5.2. Transmission electron microscopy (TEM)
TEM was performed on a FEI Titan TEM (FEI, Hillsboro, OR).

Samples were prepared by placing a drop of boehmite suspension
(0.2 mg�mL-1) onto a copper grid (Lacey Carbon, 300 mesh,
Copper grid, Ted Pella, Inc.) and then drying under ambient condi-
tions. The sample was imaged using an acceleration voltage of
300 kV.
2.6. Ultra-small angle neutron scattering (USANS)

All USANS measurements were made using the BT-5 Perfect
Crystal Diffractometer at the NIST Center for Neutron Research
(NCNR). The operating principles of this instrument and the USANS
technique are described in detail by Barker et al. [28] USANS mea-
surements were used to probe the agglomerate size and fractal
dimension [29] of the gel network over a range of scattering vec-
tors (q) from 3.9 � 10�5 Å�1 to 1.2 � 10�3 Å�1, corresponding to
length scales ranging from ~500 nm to ~15 mm. For static USANS
measurements, samples were loaded into sealed, titanium cells
with a path length ranging from 1 mm to 4 mm. Simultaneous rhe-
ology and USANS measurements were conducted using the previ-
ously described RheoSANS device. The USANS used a 5/800

circular aperture at the beam outlet, but a smaller, rectangular
aperature of 18 mm � 10 mm at the rheometer to avoid curvature
effects related to the Couette cell. Data were corrected for empty-
beam and background scattering, and reduced onto an absolute
scale by normalizing it with the direct beam intensity in accor-
dance to NIST reduction protocols [30]. Scattering results were
analyzed and fit using the unified radius of gyration model pro-
posed by Beaucage [31] using the SasView software package (ver-
sion 4.1.0). To avoid the risks of over-fitting and over-interpreting
the scattering results, a single model level with a single radius of
gyration was used. This model is able to reasonably approximate
the scattering from many different types of particles and particle
networks; working best for mass fractal systems characterized by
fractal exponents between 5/3 and 3. Hammouda [32] has pointed
out a deficiency in the way this model handles the transitioning
between the Guinier and Porod regimes, which can create fitting
artifacts that appear as kinks in the fitted function. These have
been sufficiently accounted for in the present work. The model
allows us to obtain an agglomerate ‘‘size” and a fractal dimension
of the boehmite particle network within the agglomerate. The
DREAM fitting optimizer was used to fit the data in all cases, as
it provides a more robust analysis of parameter uncertainty. The
slit smearing of the USANS instrument was accounted for by apply-
ing a smeared resolution function to the model using SasView. A
complete discussion of the DREAM algorithm and smearing func-
tions can be found in the online SasView documentation (found

at http://www.sasview.org/docs/user/user.html). Smearing the
model (rather than desmearing the measured scattering data) min-
imizes mathematical artifacts and noise amplification that occurs
during the desmearing process. All of the scattering data shown in
this work are the raw, slit-smeared data obtained from the USANS
instrument.

http://www.sasview.org/docs/user/user.html
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3. Results and discussion

3.1. Characterization of the boehmite nanocrystals

Given the expectation that at least some aspects of the rheolog-
ical properties of the slurry derive from the properties of individual
boehmite particles [27], we here summarize particle phase purity,
crystallinity, and morphology. XRD patterns of the synthetic boeh-
mite (Fig. 1a) matched well with the PDF file of pure boehmite
(ICDD PDF # 00-74-1895) [25]. The strong diffraction peak located
at 14.5� 2h was readily assignable to (0 2 0) diffraction. The boeh-
mite material was both phase pure at XRD detection limits, and
highly crystalline. High resolution TEM images (Fig. 1b) showed
that the boehmite nanocrystals are uniformly rhombic shaped
nanoplatelets, with an average size (along the [1 0 1] direction)
and thickness (along the [0 1 0] direction) of 19.4 (±7.6) and 5.3
(±1.4) nm, respectively. This suggests the boehmite particles con-
form to its typical morphology that presents the (0 1 0) basal sur-
face as the dominant fraction of the geometric surface area.

3.2. Effect of increasing shear rate on boehmite nanocrystal slurries

The structural and rheological evolution of suspensions con-
taining 5% (w/v) boehmite at pH 9 and pH 13 were studied in
detail. These pH conditions were chosen to represent the range
of pH commonly encountered in the relevant radioactive waste
slurries. In order to probe the extent to which the agglomerate
morphology and bulk suspensions viscosity are dependent on the
shear history of the sample RheoUSANS measurements were con-
ducted at a range of shear rates. The results of these tests are
shown in Fig. 2, where (a) shows the USANS curves of the pH 9
sample, (b) shows the USANS curves of the pH 13 sample, and (c)
shows a plot of the apparent viscosity at the start of each USANS
measurement as a function of shear rate. The samples were
sheared continuously at a given shear rate throughout the USANS
measurements to track any hysteresis.

Prior to shearing, the scattering intensity follows a single
power-law slope throughout the entire q range (black triangles
in Fig. 2a). This is indicative of a fractal network of boehmite par-
ticles that either consists of agglomerates > 16 mm in diameter or a
network that uniformly spans the entire suspension. Fractal net-
works similar to this are observed in a wide variety of attractive
particle gels, many of which demonstrate similar rheological
behavior to these suspensions [33–39]. The initial structure of
the particle networks, however, does vary slightly between the
two pH conditions. Fitting both samples with the Beaucage model
Fig. 1. XRD pattern (a) and TEM image (b) of t
(dashed black line in Fig. 2(a) and (b)) indicates that the fractal
dimension of the network is slightly higher at pH = 13 (Df = 1.98
± 0.02) than at pH = 9 (Df = 1.81 ± 0.04), indicating a denser the
agglomerate network at pH = 13. In both cases the fitted radius
of gyration is much larger than the size scales probed by USANS,
indicating that the fractal clusters span the entire system. In both
cases the fitted fractal dimensions are indicative of a mixture of
diffusion-limited and reaction-limited aggregation [40,41]. How-
ever, further interpretation requires consideration of the particle
shape of the boehmite crystals, which are non-spherical and
sharp-edged. Our previous study [26], using an order of magnitude
smaller particle concentration (<0.1 wt%) clearly showed reaction-
limited aggregation at pH = 9 and no salt with identical boehmite
crystals, whereas at pH = 12–13 with no salt the study demon-
strated a case close to diffusion-limited aggregation. However, a
priori diffusion-limited aggregation would be more expected
pH = 9 than pH = 13, as a negligible repulsive electrostatic interac-
tion between boehmite crystals is expected near the point of zero
charge (pH = 8–9). [42] This, therefore, indicates (i) the existence of
significant orientation-dependent hydrodynamic and van der
Waals interactions and (ii) the mitigation of the orientational
dependence via a noticeable electrostatic interaction. Furthermore,
the fractal dimensions (2.30 ± 0.18 from a direct measurement
using a cryo-TEM and image analysis) are greater than values typ-
ically reported for spherical nanoparticles (1.5–1.9 range) for
diffusion-limited cases [26]. Comparison with the key findings in
the previous study suggests that (i) there must be a certain
‘‘threshold” particle concentration at which diffusion-limited
aggregation begins to dominate reaction-limited aggregation, pos-
sibly with the aggregation becoming ‘arrested’ by the presence of
the particle network at higher solid volume fractions (at pH = 9),
and (ii) higher particle concentrations generate sparser agglomer-
ate structures while maintaining diffusion-limited aggregation (at
pH = 13). The difference in fractal dimension between pH = 13 and
pH = 9 can, therefore, be understood from the electrostatic interac-
tions, which are much more significant at pH = 13 once sufficiently
arrest occurs. In other words, orientation-dependent particle inter-
actions become negligible at high enough volume fractions that
restrict particle rotation, making their interactions equivalent to
the spherical particles case. Additionally, a ‘‘combined” effect
where the particle-particle aggregation is reaction-limited, while
the cluster-cluster aggregation at larger length scales is diffusion-
limited, is also possible, although proving this is beyond the scope
of this work. This will be a topic of a future study.

Once the static experiments were completed both samples were
subjected to a series of shear rates and USANS measurements were
he as-synthesized boehmite nanocrystals.



Fig. 2. USANS scattering curves for 5% (w/v) suspensions of boehmite nanocrystals suspended in aqueous solutions at pH 9 (a) and pH 13 (b) at different shear rates. For each
sample, the shear rate was first increased and then decreased through the same set of values. Additionally, (c) shows the apparent viscosity as a function of shear rate for the
suspensions at the start of each USANS measurement. The data indicate that, at both pHs, the suspensions undergo irreversible changes in agglomerate morphology and
rheology. USANS measurements indicate that the boehmite network transitions from a relatively uniform, system-spanning network into a collection of agglomerates of finite
size. The unified fit model proposed by Beaucage [ref] was used to fit the radius of gyration and fractal dimension of the particle agglomerates, with the best fits of the pre-
shear and post-shear structure shown as solid lines in (a) and (b). The structural changes result in a decrease in the apparent viscosity of the suspensions. Scattering curves are
colored according to the shear rate they represent, with upward-pointing triangle symbols for measurements conducted during the increasing shear rate ramp and
downward-pointing triangle symbols indicating measurements conducted during the decreasing shear rate ramp. The length-scales and degrees of rearrangement caused by
the steady shear are illustrated in (d) and (e). Note: these illustrations are not to scale and are 2-D representations of a 3-D particle network.
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made while the sample was being sheared. Scattering curves for
these experiments are shown in Fig. 2. For both pH’s, the lowest
shear rate tested (10 s�1) does not induce any measurable change
in the particle network structure relative to the initial, unsheared
sample. The structure does, however, change when both samples
are subjected to a shear rate of 100 s�1, indicating that a critical
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shear rate (or shear stress) is encountered between 10 and
~100 s�1. The critical shear rate can be qualitatively understood
as the minimal shear rate above which hydrodynamic forces over-
come the net interparticles attractive force, inducing fragmenta-
tion and restructuring of the agglomerates. However, the
probability of changing agglomerate morphology by shearing also
depends on the agglomerate fractal dimension. That is, it depends
on the particle configuration of (i.e., the number of contacts
between nearby particles). This is analogous to the physical ratio-
nale for yield stress [43].

At elevated shear rates the scattering curves acquire a low q
plateau, indicating the presence of fractal agglomerate ‘flocs’ with
a finite (measurable) diameter. Fitting these data to the unified
radius of gyration model proposed by (solid red lines in Fig. 2(a)
and (b)) shows that, after exposure to elevated shear, the structure
is composed of finitely sized agglomerates with a fractal dimension
slightly larger than that of the unsheared particle network. At pH 9,
the fitted fractal dimension is 1.98 ± 0.05, a significant increase
from that of the unsheared sample (1.81 ± 0.04). The agglomerate
‘flocs’ have an average radius of gyration of 890 ± 20 nm. In the pH
13 sample, post-shear fitting indicated a fractal dimension of
2.09 ± 0.02 (increased from 1.98 ± 0.02 before shearing) and an
agglomerate radius of gyration of 1800 ± 220 nm. This indicates
that shear flow causes partial fragmentation, and some densifica-
tion, of the particle network, the latter to account for the fraction
of boehmite particles no longer incorporated in a fractal, fluid-
spanning network. The smaller agglomerate flocs at pH 9 indicate
that the restructured network, like the initial one, is affected by the
interparticle forces. In conjunction with the reaction-limited
aggregation pathway indicated by previous studies at low boeh-
mite concentrations, this suggests densification may occur because
shear flow provides sufficient force to allow the network to rear-
range into a more energetically stable state.

For the pH 9 sample, no further statistically-significant struc-
tural changes occur after the initial rearrangement at 100 s�1

despite exposing the sample to shear rates in excess of an order
of magnitude higher. For the pH 13 sample, some additional
restructuring occurs when the shear rate is ramped from 100 s�1

to 1000 s�1, but at higher shear rates no further structural rear-
rangement of the particle network was observed. In general, a lar-
ger probability of shear-induced structural changes by is expected
for agglomerates with smaller fractal dimensions. Therefore, a
higher shear rate would be expected to cause more restructuring
in the pH = 9 sample than the pH = 13 sample, the opposite of what
was observed. The observed changes also indicate that the critical
shear rate (or shear stress) required to cause the particle network
to restructure is associated with the length scales probed in
USANS. In addition, neither sample shows any significant signs of
restructuring after shear flow ceases. Static scattering measure-
ments taken after the shear ramp (black data points connected
by a dashed line) are essentially indistinguishable from all other
measurements at shear rates > 1000 s�1, so the final state of the
agglomerates appears to be relatively stable.

These results indicate that a sufficiently strong, steady shear
can cause irreversible changes to the agglomerate morphology
and rheological properties of the boehmite slurries. Due to the con-
sistency of this ‘‘before” and ‘‘after” state of the structure following
exposure to a sufficiently high shear rate (or shear stress), only fits
to the static sample before shearing and the static sample after
shearing are shown in Fig. 2a and 2b. Attempts to fit and analyze
the scattering patterns within each subgroup risk over-
interpretation of results due to the intrinsically low signal-to-
noise measurement. Therefore, the other scattering data are
included primarily for illustrative purposes.

As would be expected, the irreversible structural changes
observed by USANS result in irreversible changes to the apparent
viscosity (Fig. 2(c)). There is noticeable change in the flow curves
for both samples after exposure to elevated shear rates. However,
the magnitude of the change in apparent viscosity is largest at
the lowest shear rates. This may reflect the relative importance
of non-hydrodynamic forces, such as electrostatic and van der
Waals forces, relative to hydrodynamic force (which scale with
the shear rate). At lower shear rates, apparent viscosity is expected
to be muchmore dependent on non-hydrodynamic forces, whereas
hydrodynamic forces will become increasingly important as the
shear rate increases, eventually dictating the apparent viscosity.
This has been demonstrated in recent simulations [21,44]. This
may also explain the larger change in the apparent viscosity pH
13 sample, relative to the pH 9 sample, as the amount of surface
charge on the boehmite particles is much higher at pH 13 than at
pH 9, which is near the PZC of boehmite. Thus non-
hydrodynamic forces should be stronger at pH13 than at pH9
and more shear should be needed to affect a given change in the
structure, although this will also be affected by the differences in
the initial fractal dimensions of the particle networks. Disruption
of a denser fractal network should result in a larger change in rhe-
ological behavior as the number of intercluster ‘bonds’ being bro-
ken/disturbed will be much larger, as the number of particles at
the edge of a cluster scales with the fractal dimension [45]. Thus
the relative behavior of the system at pH 13 is likely the result of
stronger electrostatic interactions at short length scales, than at
pH 9.

Fig. 2c also shows that both suspensions are highly shear
thinning, with a portion of the flow curve having a power-law
slope � �1. This could indicate the presence of shear-banding,
but the time-dependence and shear-history-dependence of the
suspension rheology and opacity of the suspensions make it very
difficult to determine the extent of shear-banding in these samples.

The time-dependencies of the apparent viscosity at each shear
rate during the shear rate ramp up are shown in Fig. 3 as normal-
ized apparent viscosity (g/g0) as a function of time, where g0 is
the initial apparent viscosity for each experiment. Mirroring the
USANS measurements discussed previously, there is relatively lit-
tle change in apparent viscosity below 100 s�1 for either sample.
At 100 s�1 steady shear, however, the apparent viscosity of both
samples decreases substantially, dropping 25–30%. Just as in the
USANS experiments, the pH 9 sample does not undergo any further
substantial changes at higher shear rates, but the apparent viscos-
ity of the pH 13 sample continues to change at 1000 s�1. Again, this
is likely due to the differences in the electrostatic forces between
the pH = 13 and pH = 9 samples. The restructuring of the pH = 9
sample at 100 s�1 leads to a stronger particle network structure,
as indicated by the observed increase in fractal dimension. At pH
13, however, the appreciably different electrostatic interactions
allow restructuring to continue at higher shear rates due to a rela-
tively weak particle network structure. A small change in relative
apparent viscosity is also observed at 3000 cm�1 that is not
apparent in the pH 9 data, suggesting that some restructuring is
occurring in that experiment as well. While no corresponding
structural change was observed in the USANS data this may simply
reflect the relatively large uncertainties in the USANS
measurements.

3.3. Time-dependence of structural and rheological properties under
steady shear

A series of further rheological measurements were made to bet-
ter characterize the effects of the structural rearrangement
observed by USANS. A pair of small amplitude oscillatory shear
(SAOS) measurements (strain amplitude and frequency sweeps)
were conducted at each pH to measure the initial viscoelastic
behavior prior to shear flow. The sample was then exposed to a



Fig. 3. Plots of normalized apparent viscosity as a function of time for boehmite suspensions at pH 9 (a) and pH 13 (b). The results show that the viscosity is relatively stable
below a critical shear rate of ~100 s�1 for both samples. The pH 9 suspension also appears to be relatively stable at higher shear rates. However, at pH 13 the viscosity of the
suspension continues to change substantially at 1000 s�1, and observably at 3000 s�1.
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period (listed in Fig. 4) of steady shear flow at 100 s�1, the shear
rate at which the RheoUSANS results indicated a significant struc-
tural change. This was followed by another pair of SAOS measure-
ments. This SAOS/shear/SAOS cycle was then repeated until the
sample experienced two hours of cumulative steady shear. As
shown in Fig. 4(a), the apparent viscosity of both the pH 9 and
pH 13 suspensions decreased when exposed to steady shear, as
expected from the RheoSANSmeasurements (Fig. 3), but increasing
the pH affected both the magnitude and dynamics of the restruc-
turing. The apparent viscosity changed more substantially for the
pH 13 suspension than the pH 9 suspension and, in addition, the
high pH sample was also much more dynamic under quiescent
conditions. This can be seen by the recovery in apparent viscosity
at the beginning of steady shear following the SAOS measurements
(discontinuities in Fig. 4(a & b)). The initial suspensions dynamics
are also different. The pH 13 sample experienced a rapid drop in
apparent viscosity at the start of the experiment, while the pH 9
sample exhibited a short period of little change followed by a more
rapid transition (Fig. 4(b)). This implies that, during quiescence, the
interparticle network of the pH 13 sample network does not a full
recover its the original state. Again, this is likely the result from
greater electrostatic forces between boehmite particles, and a
weaker particle network at pH = 13, leading to dynamic
fragmentation/re-aggregation during shearing. This is also consis-
tent with the differences in fractal dimension and probability for
structural change discussed above.

The oscillatory measurements provide detailed information
about the particle network and further illustrate the substantial
effect of solution pH on particle forces. The results of frequency
sweep experiments performed at a constant shear strain amplitude
of 0.25% are shown in Fig. 4 (c & d). For each frequency sweep the
loss factor, tand, is shown as a function of frequency. The loss factor
is defined as the ratio of the viscous modulus to the elastic modu-
lus, or G00/G0. Therefore, elastic samples will exhibit a loss factor < 1
and samples with little elasticity will exhibit a loss factor > 1.
Insets in Fig. 4 (c & d) show the complex shear modulus for each
measurement (at 5 rad/s). This represents the magnitude of the
combined viscous and elastic moduli.

While the loss factors for both samples are almost entirely fre-
quency independent. as expected for particles agglomerated into a
fractal network due with no dominant relaxation times, when the
samples are exposed to shear, the loss factors for the pH 9 and pH
13 samples respond differently. The pH 9 sample shows a small
decrease in the loss factor (greater elasticity), while the pH 13 sam-
ple undergoes a relatively large increase in the loss factor (reduced
elasticity), with most of the increase occurring after the first 90 s of
steady shear. The complex modulus for the pH 9 sample decreases
over the first half hour of steady shear. It then increases slightly
over the following 1.5 h, buty never recovers the original value.
The complex modulus of the pH 13 sample changes substantially
after the first exposure to shear, with the complex modulus more
than doubling. Following that initial increase, however, the com-
plex modulus of the pH 13 sample decreases with increasing expo-
sure to steady shear.

The strain amplitude sweeps (x = 1 rad/s, Fig. 4e & f) further
illustrate the differing effects of shear on the behavior of both sus-
pensions. No substantial change was observed for the pH 9 sample
(Fig. 4(e)) beyond a noticeable, monotonic decrease in the shear
moduli. The pH 13 sample, however, underwent a much more sub-
stantial series of changes. The boundaries of the linear viscoelastic
region (the range of strain amplitudes where G0 and G00 are inde-
pendent of strain) are substantially affected by exposure to shear.
The critical strain (the strain at which G0 and G00 become strain
dependent) decreases approximately one order of magnitude over
2 h of steady shear, from ~0.7% to ~0.06%. Previous studies [46]
have shown that the critical strain for attractive particle suspen-
sions can be related to the length scale of the inter-particle inter-
action. Here, the shorter interaction lengths could be the result of
the increased ionic strength at that pH providing additional screen-
ing of electrostatic interactions.

The rheological data thus show that, at pH = 9, steady shear
causes no dramatic changes. There is aslight weakening of the par-
ticle network (lower G* and lower tand) and minimal changes in
the linear viscoelastic boundary. At pH 13, however, steady shear
causes the particle network to initially become stronger, but then
weaken. Simultaneously, the network becomes significantly less
elastic (increase in tand), and more brittle (very small critical
strain/shrinking of the linear viscoelastic region). The more appre-
ciable electrostatic repulsive forces between boehmite particles at
pH = 13 (and resultant weaker particle network) are likely be
responsible for these differences, as the initial particle network is
stronger due to the relatively weak electrostatic repulsive forces
at pH9. However, this simple rationale cannot provide detailed
explanations for factors such as the opposite trends in the loss fac-
tor on shearing and the critical strain decrease for the pH = 13 case.
This suggests that coupling to particle shape anisotropy (i.e.,



Fig. 4. Experimental results illustrating how exposure to steady shear affects the apparent viscosity, (a-b), and viscoelastic behavior (c-f) of 5% (w/v) suspensions of boehmite
at pH 9 (a,c,e) and pH 13 (b,d,f). A sample of the suspension was added to the rheometer and small amplitude oscillatory shear (SAOS) measurements were conducted to
measure the initial viscoelasticity. The sample was exposed to a period of steady shear flow at 100 s�1, after which another pair of SAOS measurements were performed. This
cycle was continued until the sample experienced two hours of cumulative steady shear. The apparent viscosity decreases for both the pH 9 and pH 13 suspensions when
exposed to steady shear (a). In (e) and (f), filled symbols represent the elastic modulus and open symbols represent the viscous modulus for a given sample.
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orientation-dependent particle forces) could also be responsible
for such complex rheological behavior, although proving this con-
tention is again beyond the scope of this study.

Additional RheoUSANS experiments were used to investigate
the structural evolution implied by the rheological changes shown
in Fig. 4. However, because of the low neutron flux available for
USANS measurements; a full scan of the scattering vector (q)
shown in Fig. 2 can take 12 h to complete, depending on the scat-
tering strength of the sample. Since most of the structural rear-
rangement occurs in less time than a single USANS scan it is



Fig. 6. USANS data showing that exposing the sample to pressure-driven
(Poiseuille) flow results in structural changes similar to those generated in Couette
flow.
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impossible to probe structural dynamics while the sample is
undergoing shear flow. Therefore, the sample was exposed to a
constant shear rate for fixed time, the rheometer was stopped,
USANS measurement conducted on the static sample, and then
the procedure was repeated. These measurements were only car-
ried out using the pH 9 sample, however, because the particle net-
work under quiescent conditions at pH = 13 was insufficiently
stability due to the appreciable electrostatic forces between boeh-
mite particles. These are indicated by the large discontinuities in
the viscosity vs time curve in Fig. 4(a) for pH13. In contrast, the
interparticle network rearrangment during quiescent is rather
small at pH9. Although there are small discontinuities upon the
start of the next period of steady shear, these are small enough
to suggest that this measurement protocol will to capture shear-
induced structural changes satisfactorily.

The results of these experiments (Fig. 5) illustrate the structural
rearrangement of the particle network occurs under steady shear.
During the first 4 min, the power law slope of the scattering curve
increases relatively uniformly for q > ~5 � 10�4 Å�1, indicating
either formation of very large agglomerate flocs, or densification
of the particle network on length scales greater than 1 mm. After
10 min, the low q scattering begins to diminish and after 30 min
a low-q scattering plateau appears in which scattering intensity
is independent of q. This indicates the presence of the same finitely
sized agglomerates described previously. After a total of 60 min the
scattering curve has acquired the same shape as the final ‘equilib-
rium’ structure shown in Fig. 2(a), with a low-q plateau indicating
the presence of fractal agglomerate flocs. The sheared sample can,
however, recover its original particle network structure if treated
using the same sonication procedure used to initially disperse
the particles (open symbols in Fig. 5).
3.4. Comparison of Couette and Poiseuille flow

All of the results just described indicate that shear flow signifi-
cantly affects agglomerate morphology and, thus, the rheology of
Fig. 5. USANS scattering curves for a 5% (w/v) boehmite dispersion at pH 9 showing
how the particle network changes as a function of increasing amounts of time spent
flowing at a shear rate of 100 s�1. The sample begins with simple power law
scattering profile indicative of a relatively uniform fractal network of particle
agglomerates spanning the entire sample. As the sample is exposed to shear flow,
the particle network undergoes a structural change, with increasing time a low q
plateau appears, indicating the presence of finitely sized agglomerates. Also, the
fractal dimension of the particle network increases in the intermediate q region,
indicating that the particle network has densified in the corresponding size range.
the boehmite suspensions. However, during waste processing, tank
samples are very unlikely to encounter a Couette-style shear field.
Thus, these results may not be representative of the structural
rearrangements that occur in actual waste slurry operations. In
fact, prior work has shown that scattering from in-situ Couette
and Poiseuille flows can be substantially different [47,48]. The
model boehmite suspensions were therefore exposed to a
pressure-driven pipe flow (Poiseuille flow), as the slurries are
much more likely to encounter this type of flow during processing.
In these experiments the sample was pushed multiple times
through a short length of capillary tubing between two syringes.
This design was adopted because shear is not homogeneous across
the capillary, but most of the flow is expected to be laminar. Thus, a
multiple-pass, short tube system maximizes the chance of expos-
ing most of the sample to high-shear environment near the wall.
The number of passes through the tubing was scaled so that the
average sample volume experienced the wall shear rate for a time
roughly equivalent to the sample in the Couette cell (which has an
almost entirely uniform shear rate throughout). Because of these
assumptions, however, the data presented Fig. 6 for pressure-
driven flow cannot be said to represent exactly equivalent condi-
tions to those in Figures (2–5).

The results of these USANS measurements are shown in Fig. 6,
along with scattering curves from Fig. 5 with shear rates and shear
strains similar to those of the capillary flow samples. The results
suggest that pressure-driven and couette flow cause very similar
structural changes to the boehmite particle network.
4. Conclusions

4.1. Key findings

After being dispersed in aqueous solution, boehmite nanocrys-
tals form gels that can undergo relatively drastic structural and
rheological changes when subjected to steady shear flow. The par-
ticles are initially arranged as a uniform fractal network that spans
the entire fluid, with the fractal dimension depending on the elec-
trostatic forces between the boehmite particles. The fractal geom-
etry of the agglomerate structure is also concentration-dependent,
as shown by comparing these results to the work of Nakouzi et al.
[26]. Exposing the particle suspension to shear flow causes the net-
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work to rearrange into a dispersion of finitely-sized agglomerate
‘flocs’ on the mm size scale. The fractal dimension of the agglomer-
ate particle network also densifies marginally relative to the orig-
inal gel. These dynamic structural changes can be understood as a
balance between kinetically-arrested cluster-cluster aggregation at
large length scales and particle-particle aggregation resulting from
interparticle forces associated with the particles’ surface chemistry
and anisotropic shape. The complicated rheological characteristics
observed also suggest that the orientation-dependent particle
forces observed in previous work do not manifest themselves in
the same way at higher solid fractions, where an arrested
diffusion-limited aggregation becomes more important. These
results are relatively novel in the realm of attractive, colloidal frac-
tal networks, especially considering the irregular/non-spherical
shape of the particles. There is a great deal of literature studying
reversible time-dependent rheology (thixotropy) in particle sus-
pensions [49–58] with well-developed theoretical models
[46,59–64] to help describe the behavior. Irreversible shear-
induced structural changes in colloidal systems, however, have
been less extensively studied on a fundamental, physical level
[65–71]. In fact, many of these studies involve reactive systems
(like concrete) where the structural changes are primarily the
result of chemical reactions rather than being shear-induced. By
contrast, the boehmite suspensions studied here exhibit an extre-
mely complex rheological and structural response to shear flow
and may provide a unique model system for probing the behavior
of complex suspensions under flow conditions, especially since
this complex behavior occurs in a relatively simple suspension of
a single particle species and the amount of shear energy required
to cause structural rearrangement is readily accessible
experimentally.

4.2. Future work

Work is currently underway to more fully understand how the
volume fraction of the particles affects aggregation. Preliminary
results at a lower solids fraction (2.5 wt% rather than 5 wt%) show
that agglomerate fractal dimensions mimic the reaction vs. diffu-
sion aggregation behavior of the very low concentration samples
tested previously [26]. Further work is also needed to better under-
stand the kinetics of the shear-induced structural and rheological
changes observed. Experiments probing the shear-strain-
dependence of these changes could provide further insight into
the nature of the phenomena and deconvolute the effects of shear
rate, shear stress, and shear strain. Measurement limitations of the
Ultra-Small Angle Neutron Scattering technique make it difficult to
effectively probe dynamics on the time scales of interest in these
suspensions, so experiments using a higher flux X-ray scattering
technique are underway. Previous simulation work [26] investi-
gated the rotational diffusion timescale of the particles and
agglomerates. Further calculations will investigate the relationship
between rotational timescales and ‘critical’ shear rates for network
reorganization. As it is also possible that a certain amount of stress
is required for the particle network to rearrange from a local
energy minimum to a more stable conformation, this should be
investigated simultaneously. Finally, as briefly mentioned, the
actual nuclear waste slurry in the tanks at Hanford and Savannah
River is much more complex than the system used in this study.
Typically it contains an caustic (pH > 10) aqueous solution with
high concentrations (> ~ 0.1 M) of various dissolved salts (e.g.,
Cs, Cr, Na), an appreciable concentration (>5–10 wt%) of non-
spherical, polydisperse Al and Fe metal oxide/hydroxide particles
[72]. Boehmite has been identified as a particularly problematic
phase in the waste slurry, as its plate-like shape, sharp-edges,
and nanometer-sized of crystals may strongly influence rheology
[72]. As shown here, such physicochemical parameters may be
expected to be strongly correlated with the rheological behavior
of the waste slurry [73]. Therefore, the model system considered
here provides an important starting point for studying the effects
of a range of complex physicochemical parameters (e.g., ionic
strength, cation and anion charge and size) on the properties of
these important waste slurries.
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