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ABSTRACT: The US government currently spends signifi-
cant resources managing the legacies of the Cold War,
including 300 million liters of highly radioactive wastes stored
in hundreds of tanks at the Hanford (WA) and Savannah
River (SC) sites. The materials in these tanks consist of highly
radioactive slurries and sludges at very high pH and salt
concentrations. The solid particles primarily consist of
aluminum hydroxides and oxyhydroxides (gibbsite and
boehmite), although many other materials are present.
These form complex aggregates that dramatically affect the
rheology of the solutions and, therefore, efforts to recover and
treat these wastes. In this paper, we have used a combination
of transmission and cryo-transmission electron microscopy,
dynamic light scattering, and X-ray and neutron small and ultrasmall-angle scattering to study the aggregation of synthetic
nanoboehmite particles at pH 9 (approximately the point of zero charge) and 12, and sodium nitrate and calcium nitrate
concentrations up to 1 m. Although the initial particles form individual rhombohedral platelets, once placed in solution they
quickly form well-bonded stacks, primary aggregates, up to ∼1500 Å long. These are more prevalent at pH = 12. Addition of
calcium nitrate or sodium nitrate has a similar effect as lowering pH, but approximately 100 times less calcium than sodium is
needed to observe this effect. These aggregates have fractal dimension between 2.5 and 2.6 that are relatively unaffected by salt
concentration for calcium nitrate at high pH. Larger aggregates (>∼4000 Å) are also formed, but their size distributions are
discrete rather than continuous. The fractal dimensions of these aggregates are strongly pH-dependent, but only become
dependent on solute at high concentrations.

■ INTRODUCTION

Understanding, predicting, and manipulating chemical speci-
ation, interfacial dynamics, and resultant emergent phenomena
in complex, heterogeneous environments are central challenges
for environmental management and energy technologies. The
US government currently spends approximately 6 billion
dollars annually managing Cold War legacy contamination,
including more than 300 million liters of liquid waste stored in
tanks, such as those at Hanford, WA. These contain complex
mixtures of saltcakes, sludges, and highly alkaline solutions of
concentrated electrolytes aging for decades in the presence of

ionizing radiation. The DOE projects that retrieval and
processing of the tank materials will require at least 50 years
and hundreds of billions of dollars.1 However, the DOE Report
“Basic Research Needs for Environmental Management”2

identifies fundamental knowledge gaps that limit waste
treatment schedules including an inability to anticipate
chemical and physical complexity and variability within and
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between tanks; unpredictable slurry rheology during sluicing;
dissolution rates that are typically much slower than predicted;
and controlling subsequent precipitation when desirable.
A key challenge for understanding the rheological responses

of these wastes is their complex physicochemical nature.3−5

They contain high concentrations of caustic dissolved salts
(typically, pH > 11−12) and a wide variety of solid particles
with broad size distributions (0.1−100 μm) and irregular
shapes/rough surfaces. The most prevalent solids in the waste
are gibbsite Al(OH)3 and boehmite (γ-AlO(OH)),6,7 but other
salts and Ag, Ni, Pu, Pb, and Sr compounds are present.8

Rheological responses are, in general, determined by the
balance between repulsive and attractive particle interactions
from colloidal, hydrodynamic, and frictional forces, influenced
by the aforementioned physicochemical characteristics.9,10

Unfortunately, the unique environments in the waste slurries
impose limitations on the use of simple Deryaguin−Landau−
Verwey−Overbeek (DLVO) theory11 to describe the forces
between particles, which are expected to be highly dependent
on the structures of the crystal surfaces12−14 and the
surrounding solution.12,15−17 Examples of such complicated
interactions include: (1) coupling between electrostatics and
electrodynamics via the effect of ion fluctuation on van der
Waals forces18 and dispersion contributions to electrostatic
forces from ion−surface interactions19 and (2) restabilization
of particles at high salt concentrations20 related to ion
hydration. Thus, these forces are dependent not only on
ionic strength but also on the type of ions present.19,21−23

Furthermore, the wide range of particle sizes/shapes would
trigger long-range entropic forces24 closely associated with
distributions of ions and solvent molecules near interfaces.
Particle−particle interactions have a significant effect on the

rheological properties of the slurry, which reflect the
mechanical resistance of those slurries to an external flow
field. Thus, the microstructures resulting from particle
interactions via aggregation, fusion, or coarsening25−29 are
directly responsible for the rheological response.10,30 For
example, the yield stress of a slurry corresponds to the
maximum force per unit area its microstructure can withstand
before rupturing at low shear rates. The yield stress is,
therefore, dependent on the spatial configuration and strength
of interparticle interactions. Consequently, physical insights
into the correlation between the physicochemical parameters
(e.g., pH and salt concentrations) and the spatial configuration
of the microstructures are critical for understanding rheological
responses. However, the irregular shapes/rough surfaces of
many solid particles in the waste slurries currently prohibit
calculation of particle interactions and the resultant dynamics
that are the other critical component in understanding
rheological responses. These pose significant challenges for
describing colloidal and hydrodynamic interactions, particle
size evolution, and development of hierarchical structures.
To understand the correlations between spatial configu-

rations and physicochemical parameters during aggregation of
tank waste particles under the conditions described above, we
have used small and ultrasmall-angle neutron scattering
((U)SANS), dynamic light scattering (DLS), and transmission
and cryogenic transmission electron microscopy (TEM, cryo-
TEM) to evaluate the effects of pH, cation charge, and ionic
strength on the aggregation of boehmite (γ-AlO(OH)), a
critical solid for understanding rheological responses at
Hanford.

■ PREVIOUS WORK

A number of approaches have been used to study aggregation.
Static and/or dynamic light scattering,31−35 often combined
with TEM and/or optical microscopy (OM), have been used
extensively. Cryo-TEM tomography and small-angle X-ray
scattering (SAXS) of ferrihydrite aggregates and a combination
of wide-angle X-ray scattering (WAXS), SAXS, and trans-
mission X-ray microscopy (TXM) of clay aggregates have
yielded detailed insights into aggregate microstructures and
aggregation kinetics.36,37 TEM25,38−42 and atomic force
microscopy43−48 have shown that the forces involved can be
subdivided into: (1) a short-range regime where atomic
structure dictates the structure of the hydration layers and their
overlap and (2) a long-range regime where forces are
controlled by bulk solution parameters (pH, ionic strength,
and electrolyte type) and atomic details are observed only via
their impact on continuum properties (e.g., dielectric constant
and surface potential). Higher order structures arise via
aggregation, fusion, and particle coarsening,25−29 which then
effect slurry rheology.49,50 TEM results document both
random25,51 and oriented particle attachment,25,38−42,52−57

competing with Ostwald ripening, in which local curvature
controls the competition between formation of hierarchical
structures and particle growth.25,26

The majority of the above studies, however, focused on
spherical and/or near-spherical particles where diffusional and
rotational motions are decoupled. Thus, their applicability to
boehmite and gibbsite, which tend to form as flat,
rhombohedral platelets, is uncertain. There have, however,
been a few studies of the aggregation of nonspherical particles.
Micron-sized, rodlike colloidal particles (i.e., asbestos fibers
and synthetic glass rods) were studied using a custom-made
liquid cell with high-magnification inverted OM.58 Studies on
fractal dimensions have been performed for disk-like clay
particles (i.e., bentonite and kaolinite) to understand the
effects of pH on aggregate microstructure via DLS,59,60 and an
underlying mechanism for the formation of fractal structures
from colloidal boehmite rods (whose surface chemistry should
be identical to that of the phase of interest here) has been
suggested using Monte Carlo simulations.61 Although these
provide some general insights for nonspherical particles, our
particles are rhombohedral, exhibiting sharp edges, common
characteristics of boehmites at high pH. Beattie et al.62

investigated the aggregation of boehmite particles, but did not
investigate the structures in detail and did not consider the
boehmite shape. Thus, although flocculation, solubility, and
rates of dissolution and precipitation are essential parameters
for safe and efficient waste processing, our current state of
knowledge is inadequate to predict particle behavior.
Small-angle scattering has previously been used to

investigate aggregation of a number of materials. Teixeira63

suggested the use of small-angle scattering to characterize
aggregate fractal dimensions. Gerber et al.64 used SAXS to
study the aggregation of SiO2 clusters in sodium water glass.
Radlinski et al.65 used SAXS and SANS to study aggregation of
n-alkanes in organic solvents, and Chou and Hong66 used
small-angle light scattering to study the nucleation and growth,
diffusive aggregation, and late-stage Ostwald ripening of
polymer gels. SANS analysis of boehmite and pseudoboehmite
powders (not in solution)67 revealed mass fractal behavior in
the pseudoboehmite (Dm = 3.02), but boehmite showed a
Porod-like (smooth surface) slope near −4 (−3.92).
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Pseudoboehmite also showed an intensity increase at low-Q,
which might represent a larger particle size or the presence of
aggregates. A SANS investigation has also been conducted of
asphaltine aggregation in crude oil,68 and numerous other
studies have used this approach to study aggregation
phenomena, often of organic and/or biological materials.

■ EXPERIMENTAL METHODS
In this paper, we analyze the correlation between aggregation of
synthetic nanoboehmite and fluid composition by comparing
aggregation in solutions at pH 9 and 12, which contain sodium
nitrate (NaNO3) and calcium nitrate (Ca(NO3)2) at concentrations
ranging from 0 to 1 m. The pH range was selected because available
data69−73 suggest that the point of zero charge for boehmite (or
pseudoboehmite) lies somewhere between pH 7.3 and 9.2, although
values as high as 11.6 have been reported for various boehmite
nanostructures.74 Thus, we can evaluate the effects of the high pH
values in the Hanford tanks on the formation and stability of
boehmite aggregates. The typical supernate (i.e., the aqueous liquid
phase) in the nuclear wastes is a concentrated aqueous solution of
primarily sodium salts, including sodium nitrate. Sodium nitrate is
also the most common solid phase in saltcake wastes, although the
mineralogy varies significantly among Hanford tank wastes. Thus, it
was selected as one of the salts for this study. Furthermore, we added
calcium nitrate to our test suite to provide additional physical insights
as to the effects of cationic valence on aggregation, as calcium ions are
also present in the nuclear wastes.5 Therefore, we believe that the salts
selected for our study are directly relevant for understanding the
physicochemical conditions of the waste slurries. Experiments were
run at room temperature, and boehmite concentrations were fixed at
20 wt % boehmite.
Boehmite Synthesis and Characterization. Boehmite was

prepared using a hydrothermal approach. An aqueous solution of
Al(NO3)3 was prepared by dissolving 60 g of Al(NO3)3·9H2O
(≥98%, Sigma-Aldrich) in 600 mL of deionized water at room
temperature. The pH of this solution was adjusted to 10 by addition
of 3 M NaOH (≥98%, Sigma-Aldrich) in deionized water. After
stirring for 1 h, the gel-like precipitates were collected by
centrifugation (8000 rpm) and washed three times with deionized
water. The gels were then placed in Teflon lined 125 mL Parr Vessels
and suspended in 0.1 M NaOH (pH 13) at a ratio of 0.4 g of gel to 1
mL of 0.1 M NaOH solution. The total volume of the gel-NaOH
solution was 100 mL. The Parr vessel was then placed in an oven
equipped with a rotating element operating at 10 Hz for 3 days at 120
°C. Afterward, the produced boehmite was collected by centrifugation
and washed three times with deionized water. Finally, the resulting
sample was dried in an oven at 80 °C overnight.
X-ray Diffraction (XRD) and Brunauer−Emmett−Teller (BET)

Measurements. XRD patterns of all samples were recorded on a
Philips X’pert Multi-Purpose Diffractometer (MPD) (PANAlytical,
Almelo, The Netherlands) equipped with a fixed Cu anode operating
at 50 kV and 40 mA. XRD patterns were collected from 5 to 80° 2θ.
Phase identification was performed using JADE 9.5.1 from Materials
Data Inc. and the 2012 PDF4+ database from the International
Center for Diffraction Data (ICDD). Surface areas were measured
using the BET method75 using a Quatachrome Autosorb BET
instrument. The sample (0.0858 g) was analyzed using nitrogen as the
absorbate and was outgassed at 100 °C for 16 h.
Fluid Preparation. Fluids were prepared in a glovebox. An

aqueous solution at pH 14 was prepared from Ar-sparged, 18 MΩ·cm
water (Milli-Q Advantage A10) and a 50 wt % NaOH solution
(Sigma-Aldrich). This was then diluted to either pH 9 or 12. NaNO3
(Sigma-Aldrich) or Ca(NO3)2 (Sigma-Aldrich) was then added as
necessary to appropriate concentrations (see Table 1 below).
Additional NaOH was then added to return the samples to the
required pH values. All pH values were checked using an Orion
Products glass electrode with a Denver Instruments model 250 meter.

Unfortunately, it is not possible to make a 1 m (molal, mol/kg
solvent) Ca(NO3)2 solution at pH = 12 at room temperature. The
log K value for the reaction

Ca(OH) 2H Ca H O2
2

2+ = ++ + (1)

is 22.8.76 Thus, at pH 12, Ca(OH)2 is expected to precipitate, leaving
a Ca2+ concentration of log[Ca2+] = −1.2. This was observed for the
nominally 1 m solution, and all pH = 12 calcium nitrate solutions
were centrifuged to assure that no Ca(OH)2 particles remained. In
this paper, therefore, this solution will be referred to as saturated.

Prior to use, fluid samples were sealed in bottles with septa in the
lids. These were transferred when needed for SANS to the
experimental vessels by syringe to minimize air exposure and possible
Na2CO3 formation.

Transmission and Cryo-Transmission Electron Microscopy.
Samples for TEM (FEI Titan TEM) observation were prepared by
dispersing the as-synthesized boehmite nanocrystals in nuclease-free,
ultrapure water (ThermoFisher Scientific) using an Fisher Scientific
probe sonicator (120 W, 20 kHz) operating at 80% amplitude for 5
min. The mass concentration of boehmite was 1 mg/mL. Higher
concentrations immediately showed large structures (>1 μm) that
could not be properly imaged. Drops of this solution were then placed
onto a copper grid (Lacey Carbon, 300 mesh, Copper, Ted Pella,
Inc.), which was dried for a few minutes under ambient conditions
prior to being introduced into the TEM. The samples were imaged
using an acceleration voltage of 300 kV.

Cryo-TEM specimens were prepared by placing a 3 μL drop of
boehmite suspension onto a 200 mesh copper TEM grid coated with
lacey carbon film (EMS). All grids were glow discharged under air for
1 min at 15 mA (EasiGlow, Ted Pella) prior to use. The suspension
was prepared by sonicating a 1 mg/mL boehmite solution for 30 min
with a probe sonicator, then transferring 100 μL to a solution of 5
mM sodium nitrate. The grid was loaded into an FEI Vitrobot Mark
IV plunge freezing vitrification instrument (FEI, Hilsboro, OR)
maintained at room temperature and 70% relative humidity. Blotting
parameters were 1 s blot time, 1 s relaxation time, and a blotting force
of 1 (a unitless parameter). The grid was then rapidly plunged into
liquid ethane to vitrify the specimen and transferred to storage under
liquid nitrogen. Once vitrified, specimens were transferred under
liquid nitrogen to a Gatan 626 cryo-TEM holder, which maintains
cryogenic conditions during imaging (−176 °C) and inserted into an
FEI Titan 80-300 Environmental TEM equipped with a field emission
electron gun operated at 300 kV under low-dose conditions. Images
were collected with a US 1000 2k × 2k charge capture device (CCD)
camera (Gatan, Inc.) operated via Digital Micrograph (Gatan, Inc.).

Dynamic Light Scattering. Dynamic light scattering was used to
determine the size of the initial particles prior to aggregation. For this

Table 1. Sample Analyzed

cell
boehmite
(wt %)

pH
(NaOH) salt

salt
concentration

(m)

scattering
contrast

(×1020 cm−4)

2 20 12 none 16.0961
3 20 9 none 16.0961
4 20 9 NaNO3 1 14.5725
5 20 12 NaNO3 1 14.5725
6 20 9 Ca(NO3)2 1 13.3167
7 20 12 Ca(NO3)2 sat 13.3167
8 20 9 NaNO3 0.1 15.9404
9 20 9 NaNO3 0.01 16.0805
10 20 9 Ca(NO3)2 0.1 15.8063
11 20 9 Ca(NO3)2 0.01 16.0670
12 20 12 NaNO3 0.1 15.9404
13 20 12 NaNO3 0.01 16.0805
14 20 12 Ca(NO3)2 0.1 15.8063
15 1 11.01 none 16.0961
16 20 12 Ca(NO3)2 0.01 16.0670
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purpose, 10 mg of the boehmite was dispersed in 10 mL of pure
water. The sample was sonicated for 30 min using a Fisher Scientific
probe sonicator (120 W, 20 kHz) operating at 80% amplitude. The
data were then collected using a Brookhaven Instrument 90Plus
Nanoparticle Size Analyzer. Ten measurements of 10 s each were
combined to produce a single normalized autocorrelation function
(Figure 1) and subsequently analyzed as a monomodal size

distribution. No aggregation was observed during acquisition. As
this was a dilute solution, the viscosity was assumed to be that of pure
water (8.90 × 10−4 Pa s). The calculated average hydrodynamic
diameter was 1360 (±110) Å.
Small-Angle and Ultrasmall-Angle Neutron Scattering.

Details of the neutron small-angle scattering approaches have been
reported elsewhere77−85 and are, therefore, summarized briefly. SANS
and USANS were used to probe aggregate sizes from ∼100 Å to ∼15
μm. Measurements were performed on powdered samples suspended
in an aqueous fluid. Standard titanium cells were used with a 1 mm
path length and two 1 mm thick quartz glass windows with the beam
incident along the surface normal. To keep the sample suspended
during the measurement, these cells were placed in the 4R sample
tumbler86,87 and rotated along an axis parallel to the beam at
approximately 10 rotations per min.
SANS measurements were conducted on the NGB 30 m SANS

instrument at the NIST Center for Neutron Research (NCNR88)
using a 5/8 in. cadmium mask. Three sample-to-detector distances (1,
4, and 13 m) were used with λ = 6 Å at 1, 4 and 13 m, and 8.4 Å at 13
m with MgF2 lenses to extend the Q range to lower values, the latter
providing better overlap with the USANS data at low-Q, while still
providing good counting statistics and overlap with the 4 m SANS
data without them, with a wavelength resolution Δλ/λ = 0.12.
Measurements were performed with the detector offset to extend the
range of the scattering vector Q (Q = 2π/d) at 1 m. The resultant
scattering vector ranged from 0.0009 to 0.43 Å−1, which corresponds
to sizes from approximately 15 to 7000 Å. Data were corrected for
empty-beam scattering, background counts, detector uniformity,
sample transmission, and scattering volume and reduced to an
absolute scale (differential scattering cross-section per unit volume)
by normalization to the intensity of the direct beam. The two-
dimensional data were always azimuthally symmetric and were
circularly averaged to produce one-dimensional intensity profiles
(I(Q)).
Ultrasmall-angle neutron scattering measurements were performed

on the BT5 instrument at the NCNR.89 Samples were mounted on 5/
8 in. cadmium masks. A pair of triple-bounce channel-cut perfect
silicon (220) crystals was used for the monochromator and analyzer.
The wavelength was 2.38 Å with a wavelength resolution Δλ/λ =
0.059. Data were collected over a Q range from 4.2 × 10−5 to 2.7 ×

10−3 Å−1, which corresponds to 2400 Å to ∼15 μm. The horizontal Q
resolution (full width at half-maximum) was 2.5 × 10−5 Å−1.
Scattering intensity data were corrected for empty beam and constant
background. The corrected data were converted to an absolute scale
by measuring the attenuation of the direct beam. Data reduction and
desmearing were accomplished using data reduction software
provided by NIST/NCNR.90

Small-Angle (SAXS) and Ultrasmall-Angle (USAXS) X-ray
Scattering. Analysis of the effects of ultrasonic processing on the
samples was obtained via ultrasmall and small angle X-ray scattering
and wide-angle X-ray scattering (WAXS) (to reveal Bragg peaks of
mineral phases) at the Advanced Photon Source at Argonne National
Laboratory on beamline 9ID.91,92 A Fisher Scientific model D100
ultrasonic probe operating at 1.6 ± 1 W RMS and 22.7 kHz was
placed in a small hole in a 100 mL plastic bottle containing 50 mL of
sample, and a peristaltic pump was used to continuously pump the
sample (via another small hole) through a 1 mm ID quartz glass tube
in the beam and back to the sample vial. A stream of argon was blown
over the sample to minimize Na2CO3 formation. The argon flow was
kept relatively low, and the holes in the bottle were either entirely or
nearly filled by the tubes and probes. Thus, no significant evaporation
was expected, and none was observed. The X-ray wavelength was
0.6888(8) Å, and the beam size was 1 mm. USAXS data were
acquired for 30 s with a Q range from 0.0001 to 6 A−1 and a Q
resolution of ∼0.00008 A−1. SAXS data were acquired over a Q range
from ∼0.03 to 1.3 [1/A]. WAXS data were acquired for d-spacings
ranging from approximately 6 to 0.8 A. The sample remained
boehmite throughout the experiment. Data were reduced and
analyzed using the IRENA and NIKA macro packages.93,94 For a
detailed description of the application of scattering to the character-
ization and analysis of porosity and pore structures, we refer the
reader to Anovitz and Cole.77

■ RESULTS
XRD and BET. XRD indicated the as-prepared sample was

pure boehmite (Figure 2); the diffraction pattern is in

agreement with reference data (ICDD PDF # 00-74-1895).
The strong diffraction peak at a 2θ angle of 14.5° was assigned
to (010) diffraction. Rietvelt refinement yielded orthorhombic
unit cell parameters of a = 2.859, b = 12.240, and c = 3.169 Å.
XRD whole pattern fitting was also used to estimate a
crystallite domain size of 99 Å. The BET measurement yielded
a surface area of 104.7 m2/g. Assuming a spherical geometry
and a bulk density95 of 3.04 g/cm2, this is equivalent to a
particle with a radius of 94 Å, or a cylinder with a radius of 250

Figure 1. Autocorrelation function of boehmite suspension obtained
using DLS. The measurements show an average particle diameter of
1360 (±110) Å.

Figure 2. XRD pattern of the as-synthesized boehmite nanocrystals.
The measured diffraction pattern is compared to PDF 04-012-5050.
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Å and a height of 84 Å, which agrees well with the XRD
measurement.
TEM and Cryo-TEM. Figure 3 shows micrographs of the

synthetic boehmite as dried after synthesis (imaged via TEM)
and in a vitrified suspension (imaged via cryo-TEM). The
images of dry boehmite show that the initial synthetic material
is composed of individual rhombohedral particles, with typical
dimensions of length = 293 (±94) Å, width = 220 (±73) Å,
thickness = 60 (±13) Å, in reasonable agreement to both the
XRD and BET results. Once immersed in an alkaline solution
(pH = 7−13), however, these particles quickly aggregate into
small stacks (primary aggregates) that are very hard to
reseparate. The stacked grains are somewhat staggered,
yielding dimensions measured by cryo-TEM at time = 0 of
length = 1510 (±900) Å, width = 870 (±470) Å, height = 650
(±420) Å, where “t = 0” is the time at which the boehmite
particles are placed in the solution of interest and aggregation
begins, length is the stacking direction, width is the maximum
aggregate length in the plane normal to the stacking direction,
and height is the aggregate width in the same plane, but in the
direction perpendicular to the width (i.e., height is in the
direction of the cross product from length and width, such that
length, width, and height define an orthonormal system). The
distribution of these dimensions is shown in Figure 4.
It should also be noted that both the XRD and TEM data

suggest that our starting material is boehmite and not
pseudoboehmite. Pseudoboehmite is essentially a finely
crystalline boehmite, which consists of the same or similar
octahedral layers in the xz plane but lacks three-dimensional
order because the number of unit cells in the y direction is
restricted. It consists of a significant number of crystallites,

which contain a single unit cell along y or single octahedral
layers. It contains more water than boemite, which is
commonly intercalated between octahedral layers, and these
layers are normally randomly, but sometimes regularly,
arranged. The XRD pattern of pseudoboehmite is similar to
that of boehmite, but the relative intensities of the peaks differ,
and the peaks are broader.96,97 As shown in Figure 3, in our as-
synthesized boehmite, the thicknesses of the plates are larger
than 50 Å. There is no evidence to show the boehmite lacks

Figure 3. TEM images of synthetic boehmite. (A, B) Dry material after synthesis, (C, D) cryo-TEM images of boehmite in 10 mg boehmite/10 mL
fluid, [NaNO3] = 0.01 M, pH 9 fluid showing oriented attachment of boehmite nanoplatelets by stacking along the basal plane.

Figure 4. Distribution of primary stack sizes in three dimensions as
measured from TEM images at t = 0. The gray boxes show second
and third quartile limits and median. The whiskers show quartiles zero
and four. The outliers are shown as gray circles. The black box shows
the mean.
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three-dimensional order in the y direction, and the XRD
pattern (Figure 1) matches that of boehmite, not pseudo-
boehmite.
Small-Angle Neutron Scattering. Seventeen samples

were analyzed by (U)SANS. With one exception (cell 15), all
contained 20 wt % solid, calculated in a molal fashion (e.g.,
grams solid per gram fluid). With that same exception, all were
prepared by weighing the solid into the cell, sealing the cell,
then adding the fluid. The mixture was then stirred with a
needle, shaken by hand, and then left for at least 0.5 h in an
ultrasonic bath to distribute the sample in the fluid and break
up any remaining clumps. Cell 15 was prepared with only 1 wt
% solid to estimate the structure factor for the solid, although
the images in Figure 3 suggest that some aggregation likely
occurred. To assure as complete disaggregation as possible, this
sample was placed in a small vial, a CV17 converter/transducer
ultrasonic probe on a model GE375 ultrasonic processor was
inserted, and the sample was sonicated for 2 min in 20 s bursts
with a 1/4 in. tip at 45% power and a 50% duty cycle. The
processor has a listed maximum power of 375 W.
Although it might be assumed that the ultrasonic treatment

would break up any aggregates, this is not necessarily the case.
Kinetic analyses by small-angle X-ray scattering (Anovitz et al.,
unpublished data) have shown that, with time, addition of
mechanical energy using an ultrasonic probe can drive the
formation of large aggregates in the system. However, this
requires some time to initiate. Figure 5 shows short time (<10

min) (U)SAXS analyses obtained at the Advanced Photon
Source. As can be seen, there is an initial decrease in the
intensity at low-Q, showing the break up of the initial clumps
in the powder as the sample is dispersed in the liquid. With
longer ultrasonic times, however, aggregate formation becomes
apparent at larger scales (smaller Q-values). The hump in the
data at intermediate scales (near Q = 0.01 Å−1 or, given d =
2π/Q, ∼630 Å, but representing a polydisperse range of sizes)
likely represents the primary aggregates observed by cryo-TEM
(Figure 3). Thus, the short ultrasonic treatment used to
prepare sample 15 likely broke up many of the initial clumps,
but did not form larger, more stable aggregates.

To calculate the particle size distributions for each of the
samples, it was first necessary to calculate the scattering
contrast in each. Scattering contrast is the square of the
difference in scattering length density (SLD) between the
particles and the surrounding fluid. Although the SLD of
boehmite is easily calculated based on its composition
(AlO(OH)) and density (3.04 g/cm3) using IRENA,
calculation of the values for the fluids requires taking into
account both their composition and density. Since the
concentrations of NaOH in pure H2O/NaOH solutions at
pH 9 (1 × 10−5 m) and pH 12 (0.01 m) are relatively small,
densities were calculated on the basis of nitrate content alone,
although the NaOH content was included in the fluid
composition. Fitting available data98 yielded, for an H2O/
NaNO3 solution

x x

r

density (g/mL) 0.0015 0.0516 0.9990

0.9999

2

2

= − + +

= (2)

where x is the molality of NaNO3 in the solution. Similarly, the
data of Carpio et al.99 yielded

x x x

r

density (g/mL) 0.0002 0.0067 0.1146 0.9991

0.99992

3 2= − + +

= (3)

where x is the molality of Ca(NO3)2. The resultant SLD’s are
given in Table 1.
Figure 6 shows the scattering data for a cell 15, the sample

with 1 wt % boehmite at pH 11.1. Although the USANS

counts were rather low, leading to somewhat noisy data, it is
clear that this is a relatively simple curve, with a flat top at low-
Q and a flat background at high-Q. These data were, therefore,
fitted to a single level Guinier−Porod model100 assuming a
cylindrical particle shape (Table 2). This model has three
regions described as
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Figure 5. Ultrasmall-angle X-ray scattering data for a sample with 2.5
wt % boehmite in pH 9 (NaOH) solution. Red: starting material.
Purple: 9 min of ultrasonic processing. Green: 131 min of ultrasonic
processing. Short ultrasonic times merely break up large, weakly
bound clumps. Longer ultrasonic times force nucleation of larger
aggregates. Intermediate-scale aggregates are not affected.

Figure 6. (U)SANS scattering data for cell 15 fitted to a Gunier−
Porod model.100 The data are flat in the USANS range (Q < 8.9 ×
10−4) suggesting only minimal formation of large aggregates.
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where Q is the inverse space distance, I(Q) is the intensity at
Q, Q1 and Q2 mark the boundaries between the three segments
of the equation, d is the Porod exponent, G and D are the
Guinier and Porod scale factors, respectively, 3-s1 and 3-s2 are
dimensionality parameters, such that for spheres s = 0, for rods
s = 1, and for lamellae or platelets s = 2, and Rg1 and Rg2 are the
radii of gyration for the short and overall sizes of the scattering
object. For a cylinder of radius R and length L

R L R( /12 /2)g2
2 2 1/2= + (11)

and

R R/(2)g1
1/2= (12)

The calculated scatterer radius, ∼134 Å, is reasonably
consistent with the results from the imaging, surface area,
and XRD data for individual particles. The fitted length (2157
Å), however, is somewhat longer than observed in cryo-TEM,
suggesting the stacks grow with time, at least initially, as the
(U)SANS data were acquired up to several hours after initial
mixing. Twice the calculated radius of gyration (1260 Å),
however, is very close to the hydrodynamic diameter calculated
from the DLS measurements.101

The size distributions (Figure 7) were calculated using the
total non-negative least squares approach (IRENA94) assuming
cylindrical scatterers with a 1:1 diameter-to-length ratio. As can
be seen in Figure 3, the axial ratios of the primary aggregate
stacks are all relatively small, approximately between one and
two. Thus, there should be little difference between assuming
the particles are spheres or cylinders. The scattering data were,
therefore, fitted as cylinders with an axial ratio of 1, as the
TEM imagery showed this was closer to the shape of the actual
particles. Tests of larger ratios made little difference. Particle
sizes begin at approximately 107 Å, again approximately the
primary particle radius, and there is a power-law distribution of
decreasing particle concentration with increasing particle size
up to approximately 1600 Å. The calculation also suggests a
limited number of larger aggregates around 5 μm in size.
Because of their very low suggested concentrations, however, it
is unclear if these are real or an artifact of the calculation.
Figure 8 shows the scattering data and fitted curve for cell 2,

20 wt % boehmite in a pH 12 solution with no added salt. In
addition to the expected increase in scattering intensity, these
data show a second level of larger scatterers at low-Q. This
obscures the position of Rg2 for the high-Q distribution and

was fitted using a second level of the Guinier−Porod model.
The larger radius of gyration fitted to this curve (Table 2) is
also poorly defined, as it is near the low-Q limit of the data.
Although the intensities and fitted details of the curves varied,
each of the 20 wt % boehmite sample scattering curves was
qualitatively similar to that shown in Figure 8 for cell 2. These
data are also quite similar to SANS patterns for pseudoboeh-
mite,67 described as “a voluminous gel-like aggregate of
nanoparticles of irregular shapes”.
Nominally, the integrated intensities of each of the 20 wt %

samples should be the same, as each contained the same solid
concentration. However, in the tumbler experiment, the Cd
mask only allowed the neutron beam access to part of the cell
(to define the beam and limit scattering from the cell edges).
Thus, part of the material was hidden from the beam at any
given time, and there is no guarantee that the integrated values
will be identical. In fact, this was the case, although the values
were close. To compare results for the various experiments,
therefore, the scatterer volume distributions were normalized
to a total volume of 1.
Figure 9 shows the normalized particle volume distributions

for 20 wt % boehmite in pH = 9 and 12 H2O/NaOH solutions

Figure 7. Particle volume distribution for 1% boehmite in pH 11.1
solution. Results are shown on two scales because of the low
concentration of the larger-scale aggregates. The filled circles (left
axis), open circles, (right axis). The sizes of the more common smaller
particles fall along a power-law distribution, with the larger particles
(aggregates?) being about 67 times less common than the smallest in
this region.

Figure 8. (U)SANS scattering data for 20 wt % boehmite in pH 12
H2O/NaOH. Intensity has increased relative to Figure 5 as expected.
Sloping data at low-Q imply the presence of larger features
(aggregates) in the sample. Data have been fitted to a two level
Gunier−Porod model.100
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with no salt. Both curves consist of three sections: the highest
concentration of scatterers between 70 and 240 Å probably
represents the primary particles, volumes from 240 to ∼4000 Å
probably describe the primary aggregates and may be
composed of a series of discrete peaks, and a third region
from approximately 1 to 18 μm at much lower concentration
probably reflects larger aggregates that generate the increase in
scattering intensity at low-Q illustrated for cell 2 (Figures 8 and
9). The primary difference between the two curves is that at
pH 9, there are fewer primary aggregates, with better defined
size distributions, and more primary particles. This suggests
that the surface potential increase associated with pH (i.e.,
adsorption of OH− as a potential determining ion), which
should decrease aggregation, is less significant than the Debye
length (electrical double layer thickness) decrease due to
increased sodium concentration associated with increased pH
through addition of sodium as NaOH.
Figure 10 shows the effect of adding salts by comparing the

normalized boehmite particle volume distributions at pH 12

for solutions with no salt, saturated Ca(NO3)2, and 1 m
NaNO3. Both sodium nitrate and calcium nitrate have the
same effect as reducing the pH, reducing the number of
intermediate-scale aggregates and increasing the scattering
from the primary particles. However, the effects of adding
sodium nitrate appear to be slightly greater than calcium
nitrate, possibly due to its higher concentration. Perhaps not

surprisingly, given the results in Figures 9 and 10, adding salt
has little effect on the particle size distributions at pH 9
(Figure 11).

Figures 12 and 13 show the normalized boehmite particle
volume distributions at pH = 12 as a function of NaNO3 and

Ca(NO3)2 concentrations, respectively. As noted above, both
salts decrease the concentration of the intermediate aggregates.
However, with sodium nitrate most of this effect occurs at a
concentration between 0.1 and 1 m, whereas for calcium
nitrate the maximum reduction appears to have already
occurred by 0.01 m. In both cases, however, this is consistent
with the change in intermediate-scale aggregate formation
observed from pH = 9 to 12 (Figure 9). No restabilization-
related reversals are observed. In both cases, the distributions
of the larger aggregates become more discrete. Although
Anovitz et al.84 pointed out that the width of such distributions
is a function of the fitting approach and parameters, each was
fitted using identical parameters and the TNNLS approach,
and the results should, therefore, be comparable.
The relative effects of calcium and sodium suggest that

calcium is more effective at destabilizing the dispersion by
reducing the Debye length than sodium. This is consistent with
the expression102

Figure 9. Normalized particle volume distribution for 20 wt %
boehmite in pH 9 (gray circles) and pH 12 (filled circles) H2O/
NaOH solution.

Figure 10. Normalized boehmite particle volume, pH 12. The open
circles (no salt), filled circles (saturated Ca(NO3)2), gray triangles (1
m NaNO3).

Figure 11. Normalized boehmite particle volume, pH 9. The open
circles (no salt), filled circles (saturated Ca(NO3)2), gray triangles (1
m NaNO3).

Figure 12. Normalized boehmite particle volume, pH 12 as a function
of NaNO3 concentration. The open circles (no salt), filled circles
(0.01 m NaNO3), gray triangles (0.1 m NaNO3), and gray circles (1 m
NaNO3).
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where κ−1 is the Debye length, ε is the dielectric constant, ε0 is
the vacuum dielectric permittivity, e is the charge of an electron
(1.6 × 10−19 J), z is the valence, nb is the bulk concentration of
electrolytes, T is temperature, and k is the Boltzmann constant.
Thus, the effect of adding a cation to the solution is expected
to go as the square of its charge, qualitatively explaining the
differences observed between calcium and sodium in this
experiment.

■ DISCUSSION
The fitting model described above provides four variables
whose variation as a function of pH and/or salt concentration
can be analyzed: the surface fractal dimension of the primary
aggregates (DS2), the fractal dimension of the large aggregates
(DS3), the Guinier dimension between the two distributions
(3-S1), and the radius of the primary aggregate cylinders (Rcyl).
These data are shown in Figures 14 and 15 and listed in Table
2.
The first of these variables, Ds2, from the Porod section of

the Guinier−Porod model, describes the surface fractal

dimension of the smaller particles. It describes scattering at
Q-values greater than (sizes smaller than) Q1, which is about
0.03 Å−1 (about 190−270 Å) for most samples. This is about
the size of the primary particles, and thus Ds2 probably
describes primary particle roughness. At pH = 9 (Figure 14),
there is little change in Ds2 with salt content. The same is true
for pH = 12 with sodium nitrate, although there is greater
variability. For pH = 12 with calcium nitrate, however, addition
of salt first smooths, then significantly roughens the stacking
with increased concentration. However, background for the
0.01 m Ca(NO3)2 sample was significantly higher than for the
other materials, suggesting this may be an artifact. Thus, except
at high calcium nitrate concentration, neither pH nor salt
concentration has any effect on primary aggregate roughness.
Similarly,102 addition of 1−100 mM NaCl had little effect on
the agglomeration of nC60, but addition of the same
concentrations of CaCl2 increased agglomerate size seven
fold, which the authors attributed to a net attractive force
between the particles and suppression of the electrical double
layer. A reduction was also found in the critical coagulation
concentration of CeO2 nanoparticles at pH = 5.6 from
approximately 34 mM for KCl to 9.5 mM for CaCl2.

103

In the case of the secondary aggregate fractal dimension,
DS3, however, both pH and salt concentration affect the
aggregate structure. At no or low salt concentration, the fractal
dimension of the aggregates at pH 9 is distinctly lower than
that at pH 12. As the slopes from which these are derived are
between 3 and 4, these are surface, not mass fractals and
therefore describe the dependence of the perimeter of the
aggregate on ruler length, the roughness, and not the space
filling capacity of the structure. Thus, aggregates formed at
higher pH are rougher at low salt concentration. As salt
concentration increases, however, this appears to become the
dominant factor, and aggregates formed in 1 m sodium nitrate
have lower fractal dimensions than those formed in calcium
nitrate. The secondary aggregates described here are not,
however, necessarily identical to those described in Figure 5
after energy has been added to the system during sonication
(green curve in Figure 5), but those observed initially (red
curve in Figure 5).
The third dimension whose evolution can be characterized

as a function of pH and salt content is the Guinier dimension

Figure 13. Normalized boehmite particle volume distributions at pH
12 as a function of Ca(NO3)2 concentration. The open circles (no
salt), filled circles (0.01 m Ca(NO3)2), gray triangles (0.1 m
Ca(NO3)2), gray circles (saturated Ca(NO3)2).

Figure 14. (Left) Particle surface fractal dimension (DS2) and (right)
aggregate fractal dimension (DS3) as a function of salt molality. Salt-
free samples are plotted at 0.001 m to allow a logarithmic x axis. The
highest concentration pH = 12 calcium nitrate data are plotted at 1 m,
but are actually lower (see text). The curves are for clarity only.

Figure 15. Left) Primary aggregate Guinier dimension (3-S1) and
(right) Primary aggregate cylinder radius (Rcyl) as a function of salt
molality. Salt-free samples are plotted at 0.001 m to allow a
logarithmic x axis. The highest concentration pH = 12 calcium
nitrate data are plotted at 1 m, but are actually lower (see text). The
curves are for clarity only.
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of the smaller aggregates (3-S1). This characterizes the overall
shape of the primary aggregates, with values from 0−1 (2 < S1
≤ 3) being lamellar or platelike (S1 = 2 for smooth infinite
lamellae), values from 1 to 2 (1 < S1 ≤ 2) being rodlike (S1 = 1
for long smooth cylinders), and values from 2 to 3 (0 ≤ S1 ≤
1) being globular (S1 = 0 for spheres). The values of 3-S1 for
these samples all fall approximately between 1 and 2. However,
both pH and, at higher pH, salt content, have a significant
effect on primary aggregate shape. At pH = 9, salt content has
little effect on the Guinier dimension, which varies from about
1.6 to 1.9, essentially constant within the uncertainties of the
fits. At pH = 12, however, the Guinier dimension is
approximately 1 (rodlike) when no salt is added, but 2
(lamellar) at 1 m for NaNO3 and saturated Ca(NO3)2.
However, as with the decrease in the intermediate-sized
aggregate concentrations shown in Figures 12 and 13, the
change in the Guinier dimension occurs at very different salt
concentrations. For calcium nitrate, the Guinier dimension
increases to values near 2 at 0.01 m, but it requires
concentrations of 1 m for this change to occur for sodium
nitrate.
The final variable whose evolution can be characterized as a

function of pH and salt content is the cylinder radius (Rcyl)
calculated from the radius of gyration of the high-Q
distribution. The changes observed here are similar to those
observed for the Guinier dimension. At pH 9, there is little
change in Rcyl, which ranges from 64 Å to 75 Å. For pH = 12,
however, Rcyl increases from 48 Å with no salt added to 75 Å at
1 m NaNO3 and 84 Å at saturated Ca(NO3)2. As with the
Guinier dimension, this again occurs at lower salt concen-
trations for Ca(NO3)2 than for NaNO3.
Because it is based on a fitted model, the above discussion

only considers two scales: smaller primary aggregates and
larger secondary aggregates. However, the calculated particle
volume distributions suggest that the sample is actually
composed of a series of distributions that show up as peaks
in Figures 9−13. Although the widths of such distributions
depend on details of the calculation,84 their presence does not.
In fact, in many of the samples analyzed above these peaks
occur at, or nearly at, the same sizes in different samples,
suggesting that they are a real feature of the aggregate size
distribution. This suggests that, for this system, the larger
aggregates are built from smaller aggregate distributions of
reasonably specific sizes. As the aggregate distributions get
larger, however, the assembly process becomes more variable
as a function of fluid composition. This result is similar to the
multimodal aggregates observed for titania.104

■ CONCLUSIONS
The results discussed above provide a description of how
changes in the properties of the solutions in the Hanford tanks
will affect aggregation of the boehmite particles they contain.
At pH values above the point of zero charge, initially isolated
boehmite platelets coalesce into what we have described above
as primary aggregates: stacks of boehmite platelets up to
several hundred nanometers long. It is uncertain, however,
whether similar stacking would occur below the point of zero
charge, or whether, due to changes in the relative charge of the
surfaces and edges of the plates, a “house-of-cards” structure
could form. However, because each particle is composed of
two crystallographic faces (i.e., (010) basal plane and (101)
thin edge), the interfacial chemistry of the boehmite surfaces
(e.g., surface oxygen atom densities and reactivity associated to

both facets) will influence stacking. These stacks appear to be
relatively robustly bonded. Structurally, however, they are
somewhat irregular, leading to fractal dimensions between 2.5
and 2.6. Addition of sodium nitrate to the solution has very
little effect on this roughness, but at high pH and high
concentrations calcium nitrate seems to increase it. Both
sodium nitrate and calcium nitrate appear to suppress medium-
scale aggregates, although the amount of calcium necessary to
do this is approximately 100-fold smaller than that needed for
sodium. Near the point of zero charge (pH = 9), however,
neither has much effect. Similarly, both the Guinier dimension
and the radius of the primary aggregates are relatively
unaffected by salt content at pH = 9, but increase with salt
content at pH = 12, first for calcium, and only at higher salt
concentrations for sodium. This may be due to calcium’s
higher valence, but may also suggest more specific binding on
the boehmite surface, allowing calcium to have a more direct
effect on the surface potential of boehmite, as was seen for
elements such as zinc, strontium, rubidium, and neodymium in
solution on the (011) surface of rutile.105−108 Analysis of this
result awaits X-ray reflectivity studies or molecular dynamics
simulations. Larger aggregates appear to form in a series of
well-defined sizes, rather than a continuous distribution, which
may imply larger-scale clustering of aggregates, rather than
individual particle addition. At lower salt concentrations, the
higher the pH, the larger the fractal dimension of these
aggregates. However, by 1 m, concentrations not unreasonable
for the Hanford tanks, salt effects become dominant at higher
pH. It is clear, therefore, that under waste tank conditions
multiple scales of particle aggregation can be expected, but
predicting the nature of these aggregates requires careful
analysis of the effects of fluid composition in each tank. Many
rheological properties of the slurry result from mechanical
responses of the aggregates under flow; the aggregate structure
is expected to significantly influence the rheological properties.
For example, the yield stress of a slurry, one of the most
important rheological properties, is correlated to the number of
nearest particles in the aggregate microstructure, coupled with
a contact network of particles.10,109 Therefore, our study of the
effects of pH and salts on aggregate structures, such as the
fractal dimension, provides useful physical insights to under-
stand slurry rheology as a function of pH and salt effects.
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