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1. Introduction

Particulate suspensions are widely utilised in industrial processes
and consumer products [1-3]. Particle interactions - and resulting
agglomeration behaviours - affect product design, the production pro-
cess, and product quality [4-7]. Hence, much investigation has been
conducted on particle interaction and agglomeration in suspensions,
both dilute and concentrated [8-14], as well as the implications for
suspension rheology [11,12,15-17]; particularly at high particle volume
fractions.

The present work focuses on interactions between gamma
(y)-alumina in pure water, and a selection of dilute aqueous salt solu-
tions. Gamma-alumina was chosen because it has many industrial ap-
plications [18], including extensive use as a support material in catalyst
coating formulations [19-21], yet studies on y-alumina nanoparticle
agglomeration are few. Among the studies available, the influence of pH
and ionic strength on y-alumina nanoparticle agglomeration have been
investigated [22,23], as well as effects due to sonication [24]. Other
experimental studies have quantified the influence of pH on the settling
behaviour of dilute suspensions [25], dispersion behaviour in
water-ethanol mixtures [26], and the effects of pH and stabiliser on
sedimentation in water [27]. At finer resolution, two studies [28,29]
quantified water-layering on alumina nanoparticle surfaces in suspen-
sion, via HAADF-STEM in situ imaging [28] and NMR [29], respectively.
The first of these studies [28] showed that the hydration layer around
alumina nanoparticle aggregates leads to significant reductions of the
available free liquid carrier. NMR results [29] found ordered interfacial
water-layering of ~1.4 nm thickness (approximately five water mole-
cules thick) surrounding each nanoparticle. It was postulated that the
corresponding increase in effective nanoparticle volumetric fraction
could enhance thermal conductivity of the nanofluid. It should be noted
that both of these studies refer only to ‘alumina’ nanoparticles, without
specifying the structural polymorph being investigated.

In a recent report, we used molecular dynamics (MD) simulations to
examine interfacial hydration structure on isolated surfaces of y-alumina
[30]. Building on those results, we probe here y-alumina surface in-
teractions in aqueous phases at both molecular and macroscopic reso-
lution, via simulations and experiments, respectively. We consider
interactions in pure water, and aqueous solutions of sodium chloride,
ammonium acetate, barium acetate (1 molar), and barium nitrate (0.3
molar). The lower concentration of barium nitrate compared to the other
aqueous solutions reflects its lower water solubility at ambient condi-
tions [31-33]. Salt concentrations are dilute, but large enough to allow
us to probe salt-induced effects, and within the water solubility limit of
the various salts. Relevance of the ion pairs to catalyst preparation is
explained in prior work [34].

Through the present study we aim to achieve the following: (1)
establish the nature of surface interactions in pure water for two pre-
dominantly exposed crystallographic terminations of y-alumina, (2)
establish the relative effects of ion pairs in solution on the surface in-
teractions, (3) identify structural adjustments of the aqueous phases
between approaching particle surfaces and effects on interaction free
energy, and (4) establish whether salt-specific effects observed in the
simulation results manifest macroscopically, via experimentally
observed particle agglomeration trends. To achieve these aims, we
compute potential of mean force (PMF) profiles between y-alumina
surfaces, as a function of surface separation distance. At separations
corresponding to features (i.e., maxima and minima) of the PMF pro-
files, we investigate the changing structural arrangements and distri-
bution of water and ions between the surfaces using atomic density
profiles. From the PMF profiles, values for work of cohesion are ob-
tained, and surface interactions are parsed into the contributions from
van der Waals and Coulomb potentials. Finally, through comparison of
our findings with experimental dynamic light scattering results, we
propose trends for the likely probability and range of y-alumina nano-
particle interactions in the aqueous phases considered.
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The remainder of this paper is arranged as follows. Sections 2 and 3
detail our computational and experimental methods, respectively. In
Section 4, results are presented and discussed: simulations in Section
4.1, experiments in 4.2. Conclusions are presented in Section 5. Addi-
tional material regarding simulation technique, analyses and experi-
mental details are provided in Supplementary Information (SI).

2. Simulation details
2.1. Simulation setup

The two predominantly exposed terminations of gamma-alumina are
chosen for this study; crystallographic planes [110] and [100], as
denoted by Miller indices. Studies of y-alumina nanoparticle
morphology via DFT simulation [35], neutron diffraction [36], and
electron microscopy [37] indicate that the [110] termination comprises
70-83 % of total exposed surface area, followed by the [100] termina-
tion, accounting for 17-30 % [35]. We quantify here the interactions
between alike surfaces; [110] to [110], and [100] to [100]. For both
cases, five aqueous phases are investigated, yielding 10 systems in total.
Our aqueous phases are pure water, 1 molar solutions of sodium chlo-
ride, ammonium acetate, barium acetate, and 0.3 molar barium nitrate.
The comparatively lower concentration of barium nitrate reflects its
lower water solubility at ambient conditions [31-33]. Although needed
for a rigorously complete picture, interactions of mixed surface type
([110] to [100]) were not simulated because of the extensive compu-
tational time required to probe the five aqueous systems considered in
this work (see Section 2.3 for more detail). We resort to a weighting
procedure, applied to our present results, to approximate the contribu-
tions from interactions of mixed surface type in the subsequent
discussion.

Our simulation setup comprises two nanoparticles of y-alumina,
within the aqueous phases of interest. Simulation cells, with periodic
boundaries in x, y, and z, were set up as shown in Fig. 1. Substrates were
positioned with the crystallographic surfaces of interest parallel to the x-
y plane. For simulations of the [110] surface, simulation cells of di-
mensions ~40 * 82 * 102 A (%, y, z) were set up with between 9531 and
11968 water molecules; the number depending on salt-type and molar
concentration. For simulations of the [100] surface, simulation cells of
dimensions ~45 * 88 * 128 A (x, y, z) were set up with between 14702
and 14731 water molecules, depending on salt-type and molar con-
centration. System sizes of similar average dimensions have been used in
prior molecular dynamics (MD) studies for nanoparticle interactions in
aqueous solutions [38-40].

2.2. Force fields

2.2.1. y-alumina

Several structural models have arisen from attempts to characterize
the crystal structure of y-alumina. However, consensus over the accu-
racy of these structural models has been elusive [41,42]. The most
widely adopted model of the y-alumina unit cell to-date, namely in DFT
and ab-initio studies [43-54], is from Digne et al. [35]. This structural
model is utilised here, following our prior work [30]. The simulation
setup and preparation of y-alumina nanoparticles as referred to herein is
described in SI; Section S1.

Having replicated the unit cell to generate crystal lattices to the
desired dimensions, atoms of the nanoparticle crystal structures were
subsequently assigned interaction parameters from ClayFF (Clay Force
Field) [55]. Surfaces were hydroxylated, following the ab initio study of
Wakou et al. [51] yielding ~10.3 and 12.8 OH groups per square
nanometre for the [110] and [100] surfaces, respectively. The hydrox-
ylation states considered are representative of acidic pH conditions -
frequently encountered in coating formulations [56,57] - at which sur-
face oxygen atoms are mostly protonated. As prescribed by ClayFF,
surface OH groups were parameterized with the flexible SPC water
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Fig. 1. Representative snapshot of the simulation setup for interaction of
y-alumina surfaces. The blue box is the simulation cell. Inside the cell, two
nanoparticles are surrounded by water molecules (cyan). Periodic images are
shown extended in the x-direction, in which the particles are effectively infinite,
due to the combination of simulation setup and periodic boundary conditions.

model [55]. Geometric mixing rules, as implemented in ClayFF, were
applied to calculate Lennard-Jones interaction parameters for unlike
atoms (i.e., the interactions between y-alumina particles and surround-
ing aqueous phase).

2.2.2. Water and ion pairs

The rigid simple point charge extended (SPC/E) water model [58]
was utilized to simulate water. O-H bond lengths and the H-O-H angle in
each water molecule were maintained rigid using the SHAKE algorithm
[59], as implemented in LAMMPS.

Force field parameters developed for use in conjunction with the
SPC/E water model were applied to simulate the ion pairs (sodium
chloride, ammonium acetate, barium acetate, and barium nitrate) where
possible. The forcefield selection is detailed in previous work [34], in
which the parameter sets were able to reproduce experimental trends for
bulk dynamics of the respective aqueous solutions.

2.3. Particle interactions: simulation protocol

Classical molecular dynamics (MD) simulations were conducted
using the LAMMPS [60] software package (version 16 Mar 2018). Pair
interaction energies are modelled using the Lennard-Jones and Coulomb
potentials. Real-space interactions were truncated at 9 A, while
long-range interactions (electrostatics) were treated using a
particle-particle-particle-mesh (pppm) solver [61]. Mixed atom-type
interactions were calculated from self-interaction parameters, using
Lorentz-Berthelot combining rules [62,63]. Equations of motion are
integrated over 1 fs time steps, using the velocity-Verlet algorithm [64].
Simulations were conducted with periodic boundary conditions in the
canonical ensemble: constant number of particles (N), volume (V) and
temperature (T). Temperature is maintained using the Nosé -Hoover
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thermostat [65,66] at 293.15 K (20 °C); representative of ambient
conditions during catalyst coating formulation.

Surface interactions between y-alumina are analysed by calculating
potentials of mean force (PMF) profiles; these are profiles of free energy
(reversible work) computed over separation distance. PMF profiles were
obtained via the ‘umbrella sampling’ technique [67,68], using the col-
lective variables module (COLVARS) [69] package in LAMMPS. The
procedure implemented for our umbrella sampling simulations is
detailed in SI; Section S2. For these simulations, a harmonic biasing
potential is used to restrain the position of the upper particle, relative to
the lower particle (which is kept fixed), at a specified separation dis-
tance. The force-constant value for the harmonic potential
(100 kcal// (rnolf\) for most of our simulations) is selected to ensure that
oscillatory motion of the upper particle, along the z-coordinate, overlaps
sufficiently between adjacent sampling simulations (sampling ‘win-
dows’); full details are provided in SI, Section S2. PMF profiles were
sampled for interparticle surface separation distances ranging from 25 to
5 A. The ‘surface’ reference planes are taken as the surface layer of ox-
ygen atoms of each nanoparticle. Interparticle separation distance was
sampled in decreasing increments of 0.5 A, resulting in 41 umbrella
sampling simulations for each system (e.g., y-alumina [100] surface
interactions in pure water; separation distances 25, 24.5, 23 A. .etc). For
the 10 systems considered, a total of >400 independent umbrella sam-
pling simulations were conducted, each of 13 ns duration. Adequacy of
this duration was tested by obtaining and comparing PMF results for
selected systems with simulation times of 6, 13 and 19 ns. Reasonable
PMF convergence is attained with umbrella sampling simulations of
13 ns duration; SI, Section S2). To obtain the PMF profiles, unbiased free
energies were recovered from the umbrella sampling simulation histo-
grams (obtained from 41 trajectories for each system) using the
Weighted Histogram Analysis Method (WHAM) [70,71].

For completeness, it is worth pointing out that each simulation uti-
lised 120 CPU cores with MPI processes, requiring < 32 h to complete,
depending on the system. Because of the high computational resources
required, only interactions between like surfaces ([110]-[110] and
[100]-[100]) were quantified explicitly. Quantifying [110]-[100] in-
teractions with the same level of accuracy and for the five aqueous
systems considered would require > 200 additional simulations. Future
studies will undertake this effort.

With the exception of hydroxyl group hydrogen atoms, nanoparticle
atoms are treated as stationary, charged Lennard-Jones (LJ) sites, teth-
ered to their initial position. For atoms of the ‘lower’ nanoparticle (see,
e.g., Fig. 1), this is achieved using the ‘fix spring/self’ command in
LAMMPS (spring force constant: 100 kcal/(mol-fx), inhibiting trans-
lation or rotational motions. For the upper nanoparticle, atoms are
allowed to translate (along z-axis coordinates), but not rotate; this
constraint is achieved using the ‘fix rigid’ command.

3. Experimental methods
3.1. Particle agglomeration measurements

Dynamic light scattering (DLS) experiments were conducted to
investigate salt-specific influences on agglomeration of y-alumina
nanoparticles. The resolution of this investigative technique requires
relinquishing some of the detail available from atomistic simulations.
Namely, agglomeration between specific crystallographic faces cannot
be parsed. This calls for an assumption that a ~ 70 %, 30 % exposure mix
of [110] and [100] faces, respectively [35], represents the surface
morphology of y-alumina nanoparticles used in our experiments. This
assumption is consistent with experimental evidence. Indeed, studies of
y-alumina nanoparticle morphology via DFT simulation [35], neutron
diffraction [36], and electron microscopy [37] indicate that the [110]
termination comprises 70-83 % of total exposed surface area, followed
by the [100] termination, accounting for 17-30 % [35].

The DLS technique measures translational diffusion coefficients of
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particles undergoing Brownian motion in a suspending medium. The
measurement involves the correlation of time-dependent fluctuations in
detected light intensity, as light is passed through a sample and scattered
by the diffusing particles. The speed of intensity fluctuations depends on
diffusion rates; larger particles diffuse more slowly, meaning that cor-
relation of the intensity signal will decay more slowly, and vice versa.
The rate of Brownian motion is quantified via the translational diffusion
coefficient, D, extracted from the auto-correlation function generated
during the measurement. From the value of D, the hydrodynamic
diameter (d) of the scattering particle is obtained via the Stokes-Einstein
equation [72-74]:

ksT
D=
3nd

(€8]

In Eq. 1, kg is the Boltzmann constant, T is the absolute temperature,
and 7 is the viscosity of the suspending medium. The hydrodynamic
diameter is defined as the diameter of a hypothetical sphere that diffuses
at the same rate as the detected ‘particle’ (or particle cluster behaving as
a single hydrodynamic entity). For the present work, particle

A)

30
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agglomeration was analysed using a NanoBrook Omni (Brookhaven
Instruments Corporation, USA) DLS analyser; sizing range of 0.3 nm to
10 pm. Light needs to be able to pass through the sample and generate
sufficiently strong scattering intensity signals. For this purpose, dilute
suspensions (0.05 wt % y-alumina) were prepared. Measurements were
conducted at 20 °C. Complete experimental details are provided in SI
(Table S1), and ESI (Excel File).

4. Results and discussion
4.1. Simulation results

The complete set of PMF profiles obtained from our simulations are
shown in Fig. 2. Clear overall differences between the PMF profiles
obtained for the two y-alumina terminations are visible. Namely, across
the aqueous phases considered, the [110] interactions appear attractive,
overall, whereas the interactions for [100] appear more repulsive and
somewhat longer ranged, yielding oscillatory profiles. This difference
can be explained by comparing the thicknesses of interfacial hydration

Fig. 2. PMF profiles over particle separation
distance, for two prevalent crystallographic
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structure at the two surfaces, which was detailed in prior work [30].
Interfacial hydration structure was considered at single surfaces of
y-alumina ([110] and [100]); the results showed water more tightly
bound to the [110] surface in a spatially narrower interfacial region,
compared to a thicker, more diffuse equivalent at the [100] interface
[30]. Transferred to the context of two alike surfaces brought into
contact, interfacial hydration layers are expected to influence the
emergence of repulsive interactions. Two alike surfaces, with hydration
structure tightly retained at the solid-liquid interface (e.g., y-alumina
[110]), can approach each other closer before the overlap of hydration
layers yields repulsive interactions. It was postulated that the observed
atomistic-scale roughness of the [110] surface contributes to formation
of less-pronounced interfacial hydration layers, compared to the [100]
surface. The resulting differences in interfacial hydration structure
further imply that the overall trends of Fig. 2 - notably the ‘flatter’ (less
repulsive) profiles for y-alumina [110] - ultimately originate from the
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intrinsic surface characteristics of the crystallographic terminations.

4.1.1. Surface interactions in pure water

For both crystallographic terminations considered, the fluctuations
of the PMF profiles dominate at separation distances <1 nm. Similar
phenomena have been observed for interacting surfaces made of other
materials [75,76]. These short-ranged PMF fluctuations, and the sepa-
ration distances at which they occur, can be correlated to the decon-
struction and eventual merging of interfacial hydration layers, as two
particle surfaces approach contact [77]. To probe this, Fig. 3 shows
atomic density profiles of water (oxygen atoms) confined between
[110]-[110] and [100]-[100] surface pairs; panels A and B, respectively.
The density profiles are shown at surface separation distances that
correspond to main maxima and minima of the PMF profiles, in pure
water as the aqueous phase.

As the y-alumina [110] surfaces are brought together (Fig. 3, Panel

Panel A)
p (1/A3%): ow
0.10 o ,
Separation distance between particle surfaces:
5 A (repulsion)
0.08 o . .
6 A (mild attraction)
———7 A (neutral)
0.06 ———28.5 A (mild repulsion)
-------- 10 A (neutral)
0.04
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000 —= ]
-6 ) 6
Z(A)
. Panel B)
p (1/A%): OW
0.10 Separation distance between particle surfaces:
5 A (repulsion)
008 6A (attraction)
—_—T7A (oneutral)
= 7.5 A (repulsion)
0.06 ........9 A (neutral to attractive)
0.04
0.02 ]
OOO T T .: T T T T T T T T - T T
-6 -4 -2 0 2 4 6

Fig. 3. Atomic density profiles of water (oxygen atoms, ‘OW’) between y-alumina surfaces, as a function of surface separation distance, in pure water as the aqueous
phase. Panel A: density profiles between y-alumina [110] surfaces. Panel B: density profiles between y-alumina [100] surfaces. Density profiles are centrally aligned
for ease of interpretation; at each separation distance, Z = 0 is midway between the two surfaces.
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A), the water between the two surfaces deconstructs from eight hydra-
tion layers (eight density peaks) into seven, five, and then almost three.
By contrast, four well-pronounced, more densely populated hydration
layers between the y-alumina [100] surfaces deconstruct into three, via
three clear stages: confinement, transition, re-confinement. In the PMF
profile between [100] surfaces in pure water (Fig. 2, Panel B), free-
energy peaks at 7.5 and 5A correlate, respectively, to the well-
accommodated hydration layers at 9 and 6 A squeezing their structure
into confinement, rather than sub-dividing into narrower hydration
layers. With this mode of adjustment, energetically favourable dynamic
configurations for water molecules become limited at the separations of
7.5 and 5 A. This phenomenon could reduce the local entropy of the
solvent between the particle surfaces, yielding the increases in free en-
ergy seen in the PMF profile.

4.1.2. Salt-specific effects on surface interactions

For both the [110]-[110] and [100]-[100] surface orientations, the
ion pairs considered affect the PMF profiles shown in Fig. 2, compared to
the results obtained in pure water. The effects are strongly ion-specific.
At one end of the spectrum, sodium chloride in aqueous solution reduces
the peaks in the PMF profiles, compared to pure water. In fact, the
corresponding PMF profile is nearly flat-lined for the y-alumina [110]-
[110] interactions (Fig. 2, Panel A). At the other end of the spectrum,
barium acetate enhances the free-energy features (attraction and
repulsion) compared to the results obtained in pure water. These
opposing influences align with the Hofmeister characteristics of the ion
pairs considered, in terms of their described effect on water structure
[78], as summarised in Fig. 4. It is also notable that, relative to the PMF
profiles in pure water, the ion pairs generally shift the free energy
maxima (repulsion) and minima (attraction) positions. This reflects the
differing sizes, geometric asymmetries and associated hydration struc-
tures of the ion pairs considered; factors which become especially rele-
vant at close particle separation distances. At the closest interparticle
separation distance, ~ 5 A, PMF values for both the [110] and [100]
surfaces are, as a consequence, the highest in the aqueous solution of
barium acetate; the strongest ‘structure-making’ ion pair of those
considered.

To interpret the salt-specific effects, atomic density profiles of the
oxygen atoms of water molecules found between y-alumina surfaces
were obtained, for each of the aqueous salt solutions considered. Com-
plete results are shown in SI; Figs. S5 and S6, respectively. Selected re-
sults are shown in Figs. 5 and 6. The results of Fig. 5 show that, between
y-alumina [110] surfaces, water-structuring is enhanced by the presence
of barium nitrate and barium acetate in solution. In particular, barium
acetate leads to an increase in the atomic density of water (oxygen
atoms) between the two surfaces (Fig. 5 and S5), with structural
enhancement clearly visible up to 10 A interparticle separation (Fig. 5,
lower panel). As a general observation, ion pairs between [110] surfaces

Hofmeister effect: Cation Anion Hof effect:
A) > ‘neutral’ Nat Ccr ‘neutral’
o & ‘structure-breaker’ NHs* | CH3COO™| ‘structure-maker’
B ° °
) °
° ° qo o ‘structure-maker’ BaZ* NO3 ‘structure-breaker’
©Q
< [ ¢
° o ‘structure-maker’ Ba%* | CH3sCOO™| ‘structure-maker’
o o
D ° 9
)° 2

Fig. 4. Hofmeister description of the ion pairs considered in the present work,
in terms of the described effects on water structure [78]. Rows A, B, C and D
show the ion pairs of sodium chloride, ammonium acetate, barium nitrate and
barium acetate, respectively. Schematic images of the ion pairs indicate the
relative atomic sizes. Radii are taken from an empirical system of unified
atomic-ionic radii, suitable for describing anion-cation contacts in ionic struc-
tures [79-81].
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Fig. 5. Atomic density profiles of water (oxygen atoms, OW) between
y-alumina [110] surfaces, as a function of salt type in the aqueous phase. All salt
solutions are at 1 molar concentration, except for barium nitrate (0.3 molar).
Top panel: 5 A separation between particle surfaces. Lower panel: 10 A sepa-
ration between particle surfaces. Complete results (OW and HW profiles) at
separation distances 5, 6, 7, 8.5 and 10 A are shown in SI; Fig. S5. Density
profiles are centrally aligned for ease of interpretation; Z = 0 is midway be-
tween the two particle surfaces.

(SL; Fig. S7) are found largely excluded from the immediate surface vi-
cinity (i.e., from the first interfacial hydration layer of each surface),
with the exception of ammonium acetate. Between y-alumina [100]
surfaces, the presence of sodium chloride in solution redistributes the
water population at the closest interparticle separation distance, 5 A
(Fig. 6, top panel). By contrast, the acetate salts enhance water-
structuring. At a surface separation distance of 7 A (Fig. 6, lower
panel), three hydration layers are present between the surfaces. In the
case of pure water, the central layer (central peak) is wide, showing the
initial stages of splitting into two layers. The presence of barium acetate
in solution promotes this split, while the other salts appear to structur-
ally retain the central hydration layer. To explain this, we refer to the
PMF profiles between the surfaces of y-alumina [100] (Fig. 2, panel B).
At a surface separation of 7 A, PMF values for the pure water and barium
acetate aqueous phases are near zero. By contrast, profiles for the other
aqueous phases yield positive free energy values, to varying extents. This
indicates that external energy is required to fuse hydration layers, while
the free energy is zero when hydration layers are completely formed.
Which of the two outcomes occur depends on the structural compati-
bility of ion size, local density, and charge distribution with the hydra-
tion layers, at any given surface separation distance. It is interesting to
note that when the [100] surfaces are at 7 A separation, most of the ion
pairs are largely absent from the central hydration layer, except for
barium acetate (SI; Fig. S8). For the latter, the split of the central hy-
dration layer facilitates a more energetically favourable accommodation
for the ions (Fig. S8, column 3, Row D); this effect is manifested by some
degree of ion pairing, and coordination of the barium ions by water
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Fig. 6. Atomic density profiles of water (oxygen atoms, OW) between
y-alumina [100] surfaces, as a function of salt type in the aqueous phase. All salt
solutions are at 1 molar concentration, except for barium nitrate (0.3 molar).
Top panel: 5 A separation between particle surfaces. Lower panel: 7 A separa-
tion between particle surfaces. Complete results (OW and HW profiles) at
separation distances 5, 6, 7, 7.5 and 9 A are shown in SI; Fig. S6. Density
profiles are centrally aligned for ease of interpretation; Z = 0 is midway be-
tween the two particle surfaces.

oxygen atoms. This favourable configuration is reflected in the neutral
value of the PMF profile for [100] surface interactions, at 7 A apart, in
the aqueous solution of barium acetate (Fig. 2, Panel B).

4.1.3. Electrostatic and dispersive contributions to surface interactions

Quantification of particle interactions in aqueous electrolyte solu-
tions, on the colloidal scale, is often discussed in the framework of
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [82,83]. DLVO as-
cribes interactions of alike particles to a combination of predominantly
repulsive electrostatic potential, arising from an ‘electrostatic double--
layer’ of ions around the particles, and attractive van der Waals in-
teractions. These two potential energy contributions comprise the total
potential energy of the colloidal system. According to the theory, the
double-layer force stabilizes a suspension, while the van der Waals force
promotes agglomeration. At separations <2 - 4 nm, the latter is often
dominant, and leads to adhesive contact [84]. However, ultimate par-
ticle contact additionally involves hydration forces, ‘short-ranged’ in
their influence [85,86]. These forces — not incorporated by DLVO - arise
from the overlap, rearrangement, and breakdown of aqueous molecular
structure between approaching particle surfaces, as examined in the
previous sections.

To relate our results to the DLVO framework, Fig. 7 shows y-alumina
surface interactions, parsed into contributions from van der Waals and
Coulomb energies, across the differing aqueous phases. Values were
computed during the simulations using the ‘compute group/group’ com-
mand in LAMMPS [60,87]. The results represent the total dispersive and
total electrostatic interaction energies considered solely between
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y-alumina particles, ignoring anything else (e.g., water and ions), as a
function of surface-surface separation distance. Fig. 7 shows stronger
electrostatic repulsion between y-alumina [100] surfaces, compared to
[110]. This can be attributed to a higher surface density of OH groups for
the [100] surface (12.9 compared to 10.3 OH/nm?). For both
[110]-[110] and [100]-[100] interactions, the presence of ion pairs
increases Coulomb repulsive energies between particle surfaces,
although the effect is broadly similar for all the ion pairs considered,
when computational uncertainties are taken into account. This result
could be due to a few reasons. Dynamic reorientation of y-alumina
surface OH groups, induced via interaction with ions, could lead to
stronger surface-surface repulsions. This possibility is examined in SI
(Section S9). The results show small differences in the orientation of
surface OH groups due to the presence of the ions. It is also observed that
the ion pairs with the strongest effect on the electrostatics in Fig. 7
(Panel B), i.e., sodium chloride and ammonium acetate, reside closer to
the surfaces than the other ion pairs considered. Representative simu-
lation snapshots showing ion pairs between the two surfaces of [110],
and [100], are presented in SI; Section S10. While the changes in
surface-group orientation may appear small for the differences in Fig. 7,
the cumulative effect is significant, as suggested by the results in SI,
Section S11a, which show electrostatic interactions between y-alumina
surfaces in vacuum. Particularly for y-alumina [110], a clear trend can
be seen whereby the surface groups turn away from the opposing surface
in vacuum, compared to their orientation in water (SI, Section S11b). A
more conservative response is seen for y-alumina [100], with only the
surface groups closest to the bulk structure affected; namely AlgOsH.
Conventional wisdom suggests that electrostatic repulsion between
charged surfaces should be higher when separated by vacuum,
compared to water, since the latter medium has a higher dielectric
constant (i.e., screens more of the charge). However, this reasoning
doesn’t account for possible adaptive surface responses to minimise
repulsion, depending on dielectric characteristics of the intervening
medium.

Another contribution to increased electrostatic repulsion could be
the ‘dielectric decrement’ effect [88-90], whereby the dielectric con-
stant of a solvent diminishes as ionic concentration is increased. Solvents
with high dielectric constant (such as pure water) have greater ability to
screen the interactions between charged particle surfaces. In aqueous
solution, the addition of ions decreases this capability via ion-induced
structural modification of the solvent (i.e., ion hydration shells) and
ionic polarizability [90]. Because our models have fixed charges, the
latter mechanism cannot be probed adequately herein.

4.1.4. Simulation results: interparticle work of cohesion

To relate the PMF profiles to macroscopic properties, work of
cohesion (Weohesion) Values were derived from the PMF profiles, in each
of the aqueous phases considered. By differentiation of the PMF profiles,
force-distance curves were estimated, via the relation (F(r)) = —[d(PMF
(1)/d(r)]. Values for Wohesion Were then obtained by integrating the
force-distance curves (see SI; Section S12) and normalized by the
interfacial area of each surface pair (SI, Section S12; Tables S3 and S4).

Because [110] and [100] terminations comprise ~70-83 and 17-30
% of exposed surface area in experimental systems, respectively
[35-37], the reported Weohesion Values are obtained by weighting the
separate Weghesion results of [110]-[110] and [100]-[100] interactions
(details in SI; Section S13). In our approach, it is assumed that the
probability of interactions between two surfaces is proportional to the
prevalence of said surfaces in the bulk system. Because [110]-[100]
interactions have not been computed explicitly, the frequently
invoked geometric mean approximation from values for [110]-[110]
and [100]-[100] interactions is used. While more information
regarding the method is provided in SI (Section S13), the results are
shown in Table 1. PMF values fluctuate within + 1 kcal/mol in all
aqueous phases considered, at surface separation distances >1 nm.
Normalised over the interfacial areas of the surface pairs, this translates
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Fig. 7. Decomposition of y-alumina [110] and
[100] surface interactions into van der Waals
and Coulomb potentials (rows A and B,

7 8 9 10 respectively) as a function of surface separation
! (- 1 |
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- distance, in pure water and aqueous salt solu-
tions. First and second columns show [110]-
[110] and [100]-[100] surface interactions,
respectively. In the Coulomb plots, error bars
represent standard deviation of the data point
values. Corresponding error bars for the van der
Waals plots are too small for graphical repre-
sentation. The lines are guides to the eye. All
salt solutions are at 1 molar concentration,
except for barium nitrate (at 0.3 molar).

sodium chloride (aq.)

barium nitrate (aq.)

sodium chloride (aq.)
——ammonium acetate (aq.)
barium nitrate (aq.)
barium acetate (aq.)

15 20 25

A) Surface separation distance (A)
5 6 7 8 9 10 5 6
0 1 1 S E— | O |
— _ = = i =
o ]
£ S5 1 E 5 A
= = i
S 1M/ g
g-10 _/ ——water (pure) = -10 4 ——water (pure)
> 1 sodium chloride (aq.) % 1
D 15 . o -15 A
o | ——ammonium acetate (agq.) &
" 50 A barium nitrate (aq.) = 20 4
- ——barium acetate (aq.) -
25 -25 -
B) 200 - 200 -
——water (pure) i ——water (pure)
) sodium chloride (aq.) . 1\
5150 - ——ammonium acetate (aq.) 2150 N ¥
£ | barium nitrate (aq.) £ N
i ——barium acetate (aq.) 5] \ —
£100 - =100 - N
> >
g 2
(V]
S 50 - & 50 A
0 — T 0 —————
5 10 15 20 25 5 10 i
Surface separation distance (A) Surface separation distance (A)
Table 1

Effective work of cohesion per unit area between y-alumina nanoparticles in
pure water and aqueous salt solutions, obtained from simulation results. All
salt solutions are at 1 molar concentration, except for barium nitrate (0.3
molar). Uncertainties are of at least 0.26 mJ/m?.

Aqueous phase Work of cohesion per unit area

(mJ/m?)
sodium chloride 0.16
barium nitrate 0.55
ammonium acetate 0.77
water 1.22
barium acetate 1.50

to uncertainties of + 0.24 and 0.31 mJ/m? in Weohesion values for [110]
and [100] surface interactions respectively; or ~0.26 mJ/m? if applied
to the values in Table 1 with the corresponding weightings. It is however
recognized that PMF profiles for interactions between [100] and [110]
surfaces are not available, thereby contributing additional uncertainty
to the results shown in Table 1.

In Table 1, the average values for interparticle work of cohesion in all
the salt solutions are lower than the values in pure water, with the
exception of barium acetate. From SI, Table S4, we also note that, in all
the aqueous phases, work of cohesion values between [110] surfaces are
weaker compared to [100]; with the marginal exception of barium ac-
etate. The weaker [110] interactions could reflect - at least partly - the
atomistic-scale roughness of this surface, discussed in previous work
[30]. Surface roughness at these smallest scales has been shown to be a
critically important influence on surface tension, and on contact and
adhesion of soft materials to rough surfaces [91,92].

From Table 1, it can be seen that the average interparticle Wohesion
values increase in the order: sodium chloride < barium nitrate
< ammonium acetate < water < barium acetate. Because the values in
Table 1 represent the reversible thermodynamic work required to
separate two adherent surfaces to a large distance, the largest

agglomerates would be expected to occur in presence of barium acetate.
However, it is worth considering that the values of Table 1 integral-out
the features of the free-energy landscapes, which are shown in Fig. 2.
Because the formation of agglomerates involves particles approaching
each other, under quiescent conditions, sizeable free-energy barriers
would determine the distance of closest approach. For example,
considering [100] interactions in aqueous solution of barium acetate
(Fig. 2, Panel B); the work required to leave the free-energy minimum at
9 A reduces the likelihood of any closer approach between those sur-
faces. This argument is exploited in SI, Fig. S14, to illustrate the
extraction of distances of closest approach from the PMF profiles.

4.2. Experimental results: particle agglomeration

DLS experiments were conducted for aqueous dispersions containing
y-alumina particles of size < 50 nm (see SI, Table S1 for complete
experimental details). Because agglomeration between specific crystal-
lographic faces cannot be parsed, it is assumed that, consistent with
literature observations [35-37], the particles used in this study provide
a ~ 70:30 % exposure mix of [110] and [100] surfaces, respectively
[35-37]. The DLS results are presented in Table 2 as the arithmetic mean
of three measurements for each sample. Compared to results obtained in
pure water, all the ion pairs induce particle agglomeration, as shown by
the increases in hydrodynamic diameter. The effect is stronger in the
order: barium nitrate < barium acetate < ammonium acetate < sodium
chloride, with a corresponding decrease in diffusion coefficients
measured experimentally.

This ranking can be interpreted by collectively considering the PMF
profiles (Fig. 2) of the [110]-[110] and [100]-[100] interactions. In
aqueous solutions containing barium acetate, the PMF profiles show
features more accentuated relative to those observed in pure water, but
located at similar surface-surface separations. This suggests that the size,
charge distribution complexity and divalence of barium acetate re-
inforces the hydration structures within the lubrication film. The PMF
profiles obtained in the presence of ammonium acetate lie between this
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Table 2

Mean hydrodynamic diameter of y-alumina nanoparticle agglomerates in pure
water and aqueous salt solutions, as determined by DLS. Polydispersity and
diffusion coefficients of particles in suspension are also shown. The results show
that in aqueous solution, all ion pairs considered induce nanoparticle agglom-
eration, relative to pure water.

Aqueous phase Hydrodynamic Polydispersity ~ Diffusion
diameter (nm) coefficient (cm?/
s)

water (pure) 800.94 0.191 5.410E-09
Std Err: 40.79 0.018 2.910E-10
Std Dev: 91.20 0.041 6.506E-10

sodium chloride (1 3917.85 0.160 1.096E-09
molar) 105.82 0.045 5.216E-11
Std Err: 183.29 0.078 3.016E-10
Std Dev:

ammonium 2922.64 0.09 1.467E-09
acetate (1 36.959 0.004 1.545E-11
molar) 64.015 0.008 6.188E-11
Std Err:
Std Dev:

barium nitrate 1207.78 0.275 3.753E-09
(0.3 molar) 140.62 0.119 3.253E-10
Std Err: 314.44 0.266 1.627E-09
Std Dev:

barium acetate (1 1507.97 0.078 2.844E-09
molar) 24.42 0.056 1.642E-11
Std Err: 42.30 0.096 7.850E-11

Std Dev:

scenario, and the ‘flatness’ of the PMF profiles obtained in the presence
of sodium chloride. Sodium and chloride ions are found to approach
closest to the surfaces compared to the rest of the ion pairs considered
here. The resulting PMF profiles show no significant free-energy barriers
prohibiting the approach between the particle surfaces. Because of its
lower water solubility, barium nitrate was present at 0.3 molar. If salt
effects were dependent solely on concentration, we might expect barium
nitrate to have the smallest effect on particle agglomeration of the salts
considered; which it does (Table 2). However, the variation of results
between the salt solutions at equal concentration (1 molar) show that
concentration alone does not determine the magnitude of effect, as
widely accepted in the field. As we discussed previously for bulk
aqueous solutions [34], an ion-pair with higher valence, greater steric
impacts and more populous hydration-shells (all interlinked attributes)
will exert, at lower aqueous concentration, the same or possibly stronger
influence on observables reflecting these attributes, compared to a salt
at higher concentration with weaker characteristics for the aforemen-
tioned attributes. We anticipate such attributes to manifest in observ-
ables reflecting salt-specific effects on interaction free-energy
topologies. Shown in Table 3, and discussed below, we further demon-
strate that these observables show negative correlation with agglom-
erate size.

To better understand the relationship between free-energy topol-
ogies and our experimental results, we compute the work of cohesion

Table 3

Effective Weohesion'” Per unit area (simulation derived) between y-alumina
nanoparticles in pure water and aqueous salt solutions, obtained from simula-
tion results. Average interparticle separation distances in each aqueous solution
(simulation derived) are also shown. All salt solutions are at 1 molar concen-
tration, except for barium nitrate (0.3 molar).

Weohesion™” Average interparticle separation distance A
per unit area
(mJ/m?)

sodium chloride 0.18 6.5

water (pure) 0.97 7.7

ammonium acetate 1.14 7.8

barium acetate 1.64 8.25

barium nitrate 0.27 7.2-10
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following an alternative approach. The results are referred to as Weope-
sion’ - For each force-distance curve, we integrate over the minimum that
intuitively appears as the most energetically probable surface separation
distance (details in SI, Section S14). The weighting procedure of SI,
Section S13 is applied to extract Weohesion - The likely interparticle
separation distance is obtained from values extracted separately for
[110]-[110] and [100]-[100] PMFs as described in SI, Section S15:
Tables S5 and S6. The results are shown in Table 3.

While the Wohesion”” Values are different compared to the data shown
in Table 1, the ranking is broadly the same; except for the position swap
of results obtained in pure water and in the presence of ammonium
acetate. The results in Table 3 show that barium nitrate, although pre-
sent at a lower concentration, yields somewhat greater values for W,
hesion’” and average interparticle separation distance than sodium
chloride. Both these observables, particularly the latter, give an indi-
cation of the steric impact for each ion-pair in the context of particle
agglomeration under quiescent conditions.

In Fig. 8 we explore correlations between experimental results
(Table 2) and data shown in Table 3 for systems containing ion pairs at 1
molar (results including also barium nitrate, at 0.3 molar, are shown in
SI, Section S16). Both the energetically probable separation distance and
‘work of cohesion’ between particles increases with structural
complexity of the ion-pair (Fig. 8, panel A). The experimental agglom-
erate size decreases as the ion pairs become more structurally complex,
in terms of both average equilibrium separation distance (Fig. 8, panel
B) and Weohesion”” (Fig. 8, panel C). This suggests that in aqueous solu-
tion, salt-specific effects on agglomeration for the systems considered
manifest through modifying the features of the free-energy profiles,
relative to those obtained in pure water. Our results suggest that the free
energy barriers encountered by the surfaces as they approach each other
in solution are more important than the overall work of cohesion in
determining the hydrodynamic radius of aggregates in quiescent
conditions.

Finally, we note from Tables 1 and 3 that, on average, the results for
interactions in pure water lie between barium acetate and the rest of the
ion pairs. This is of interest, as the results above are interpreted based on
the structure of hydration water on the alumina substrate. In prior work,
the hydration structure on the ion pairs was shown to correlate with the
dynamical properties of water, and, out of the ions considered in the
present work, barium acetate was found to have the strongest effect on
water dynamics [34]. Therefore, it is possible that, while hydration
water on the solid substrates is the primary reasons for changes in the
hydrodynamic radius, the hydration structure of the ion pairs them-
selves is also important. The competition between these two phenomena
is possibly responsible for the discrepancy between experimental and
simulated data for agglomerates in pure water. Namely, because
experimentally the agglomerates were the smallest in pure water, one
could have expected largest Weohesion data for this system, which is not
the case.

5. Conclusions

The aim of this work was to quantify interactions between y-alumina
particles in pure water and dilute aqueous salt solutions. This was done
using a two-pronged approach at very different resolutions; atomistic
molecular dynamics simulations and dynamic light scattering (DLS)
experiments.

Using MD simulations, we differentiated interaction characteristics
of the two predominantly exposed crystallographic terminations of
y-alumina; [110] and [100]. At surface separation distances of <1.5 nm,
i.e., the ‘contact zone’, interactions between [110] surfaces were found
to yield flatter potential of mean force profiles, in both pure water and
the aqueous salt solutions, compared to [100]-[100] interactions. This
trend was linked to the intrinsic differences between the [110] and
[100] terminations. Within the ‘contact zone’ of [110]-[110] in-
teractions, water was found to be arranged in narrower hydration layers.
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quiescent conditions.

By contrast, the lubrication film between [100] surfaces comprised
fewer, thicker hydration layers. Interactions between [100] surfaces
showed greater sensitivity to the presence of ions in solution. In fact, ion
pairs were found closer to the [100] surfaces, as opposed to [110], for
which ions were distributed mostly towards the centre of the lubricating
aqueous film. All the ion pairs were found to enhance electrostatic
repulsion between the surfaces, relative to pure water, at surface sepa-
rations less than 2 nm. This effect was more pronounced for ion pairs
that reside, on average, closer to the surfaces. The simulation results
suggested that sodium chloride, out of the ion pairs considered, is most
likely to induce particle agglomeration, as it reduces the free-energy
barriers observed in the PMF profiles relative to interactions in pure
water. This interpretation was supported by the results of our DLS ex-
periments. All the salts were found to induce particle agglomeration,
relative to pure water, with pronounced salt-specific effects. A correla-
tion was found between experimental hydrodynamic radii and features
of the PMF profiles related to the presence of strong repulsive peaks. Of
note, the range of interaction considered in the present work is mostly
within the domain of ‘short-range’ hydration forces. Considered
together, our simulation results and macroscopic experimental findings
suggest that these forces have an extensive impact on macroscopic
observables.
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