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Interest is growing in nanoparticles made of earth abundant materials, like alumino(silicate) minerals. Their
applications are expanding to include catalysis, carbon sequestration reactions, and medical applications.
It remains unclear, however, what factors control their formation and abundance during laboratory syn-
thesis or on a larger industrial scale. This work investigates the complex system of physicochemical con-
ditions that influence the formation of nanosized alumino(silicate) minerals. Samples were synthesized
and analyzed by powder X-ray diffraction, in situ and ex situ small angle X-ray scattering, and transmission
electron microscopy. Regression analyses combined with linear combination fitting of powder diffraction
patterns was used to model the influence of different synthesis conditions including concentration,
hydrolysis ratio and rate, and Al: Si elemental ratio on the particle size of the initial precipitate and on the
phase abundances of the final products. These models show that hydrolysis ratio has the strongest
control on the overall phase composition, while the starting reagent concentration also plays a vital role.
For imogolite nanotubes, we determine that increasing concentration, and relatively high or low hydrolysis
limit nanotube production. A strong relationship is also observed between the distribution of nano-
structured phases and the size of precursor particles. The confidences were >99% for all linear regression
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consistently predict resulting data from other experimental studies. These results demonstrate the use of
an approach to understand complex chemical systems with competing influences and provide insight
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1. Introduction

Nanosized alumino(silicate) minerals attract great interest due
to their unique morphologies (1D, 2D or nanospheres), high
surface availability, and relative ease of production via sol-gel
or hydrolysis reactions. Aluminum-based nanowires, nanopla-
telets, aluminosilicate nanotubes, and amorphous silica nano-
spheres are some of the particles commonly researched. They
are also favored for use due to the abundant availability of
their constituent elements, which contributes to their environ-
mental sustainability.

Synthetic imogolite has been researched for use in catalysis,
gas adsorption, and polymer nanocomposites among other
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into the formation of several nanosized alumino(silicate) phases.

applications due to its tunable size, hydrophilicity, high
surface area and aspect ratio, and functionalized surface.'”
Both imogolite (Al,SiO;(OH),) and proto-imogolite are alumi-
nosilicate nanominerals that typically occur together in
varying proportions, and although the primary distinguishing
factor between them is their morphologies, they are both
suggested to possess the same “imogolite-like local structure”
(ILS).® These aluminosilicates are composed of gibbsite-like
sheets of aluminum hydroxide (Al(OH;)) with isolated silica
(SiO,) tetrahedra occupying the center position of the six-
membered rings formed by the Al octahedra.”

Imogolite forms high aspect ratio nanotubes that are
2-3 nm in diameter and can extend up to several pm in
length,®° while proto-imogolite is said to possess a “rooftile”
shape,'® eventually transforming into imogolite nanotubes in
solution. The curvature observed in the particles is believed to
be due to strain resulting from the size disparity between the
silica tetrahedra and the lacunar sites of the gibbsite-like
sheets. This discrepancy causes different types of curvature,
resulting in the formation of tubes and spheres in one and
two dimensions, respectively.® The exact transformation
method is still under discussion although an oriented aggrega-
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tion-based growth is the foremost conclusion.>'" Other sec-
ondary phases have been observed during the synthesis of
these nanoparticles, specifically Al-(oxy)hydroxides and amor-
phous silica.’*™**

Pseudo-boehmite is a poorly crystalline and hydrated alumi-
num oxyhydroxide (y-AIOOH), studied for its influences span-
ning from radiolysis in nuclear material storage and waste
sites’>'® to health applications, where it is one of the oldest
and most commonly used adjuvants in vaccines.'” It is formed
under similar conditions to its more crystalline counterpart,
boehmite, from aluminum ion precursors hydrothermally
aged at alkaline conditions, and has a double-sheet structure
of aluminum octahedra forming nanosized wires, platelets or
rafts."®'® Alternatively, amorphous silica nanoparticles (SiO,)
possess localized structures of 2-membered to 8-membered
siloxane rings, and are arguably the most commonly produced
of all synthetic nanosized materials.>® This nanoparticle has
found widespread industrial use in food and cosmetics, as
well as biotechnological applications in cancer therapy and
enzyme immobilization.*"*?

Several synthesis investigations have reported a mixture of 2
or more of these nanoparticles occuring'>'® and others have
discussed isolated conditions impacting their formation,>*>*
yet there has been no holistic study of the influence synthesis
conditions have on the resulting phase distribution of these
materials. Experimental studies of imogolite and proto-imogo-
lite, or allophane ((Al,O03)(5i0,)1.3-»-2.5-3H,0), formation have
tested separately the effects of starting concentration, pH, and
elemental ratios on the various morphologies.>>>® Others have
suggested that excess silica to aluminum in the starting solu-
tion will suppress imogolite formation due to the limited
capacity for silica polymers in the inner tube. Excess silica may
be accommodated by silica polymers residing in the larger
interiors of spherical allophane and/or by the increased
number of reactive surface sites on proto-imogolite frag-
ments.” Another study suggested that imogolite is not favored
at hydrolysis ratios less than 1.5 due to differences in imogolite
and proto-imogolite stabilities at different pH and OH:Al
ranges.>’ Taken together these prior studies suggest that
alumino(silicate) nanoparticle formation may be influenced by
two or more competing factors. The presence of various mix-
tures of nanosized and/or nanostructured phases provides an
additional challenge for quantifying them into separate
phases, especially using relatively accessible scattering-based
approaches like X-ray diffraction.

This paper attempts to describe which key variables includ-
ing concentration, elemental Al:Si ratio, hydrolysis ratio and
speed of base addition impact the formation of these different
nanosized minerals. The influence of these conditions on
some precursor particle sizes and their compounding effect on
nanotube formation is also described. Systematic synthesis
experiments were combined with in situ and ex situ analytical
characterization and multivariate linear regression analysis to
determine the quantitative influence each factor had on final
phase abundance. This is the first study designed to unravel
the competing effects of these different synthesis variables, as
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well as to probe the role of precursor particle size on imogolite
formation using experimental data. This study also employs a
unique approach® to quantify the distribution of nanoparticle
mineral phases via linear combination fitting of laboratory
powder X-ray diffraction data. The results are important for
greater understanding of alumino(silicate) synthesis, where
individual variables can be isolated and understood for their
effect on the system. The framework of the study can be
adapted and utilized for other chemical processes where com-
peting effects complicate the products of a system.

2. Results

2.1 Syntheses of nanosized alumino(silicates)

Analysis of the pH during various syntheses suggested various
formation stages based on localized trends, and these stages
were supported by visual cues. NaOH addition during the
initial minutes of the experiment resulted in a rapid pH rise.
The pH began to decrease as soon as NaOH addition finished,
during which a translucent gel-like phase appeared in the solu-
tion. The subsequent stage was marked by a period of rapid
pH decrease where the solution, depending on starting con-
ditions, either turned clear or developed a white cloudy pre-
cipitate. The precipitate persisted for the rest of the synthesis
without any noticeable change for those conditions where it
formed. Finally, the pH would become relatively stable after
60 minutes.

2.2 Phase identification

The final solids of each synthesis were characterized by high-
resolution transmission electron microscopy (HR-TEM)
imaging and/or pXRD analysis. Four distinct phases were
identified. Fig. 1 presents pXRD profiles for samples consist-
ing of what we presume to be high purity imogolite and proto-
imogolite, as well as for an amorphous silica and pseudo-
boehmite reference. All four pXRD profiles show a series of
one or more broad, weak peaks consistent with materials
lacking long-range periodicity (i.e., short-range ordered). The
pXRD patterns of each agree with previously reported
data.”?°*?> HR-TEM images of the pseudo-boehmite and
proto-imogolite endmembers generally showed highly aggre-
gated nanoparticles with different morphologies (Fig. S1t).
The endmember that has been reported to be allophane based
on its pXRD characteristics in older studies®® showed no evi-
dence of well-formed spherical nanoparticles. In agreement
with more recent studies, we assumed that the morphological
characteristics of this sample were consistent with proto-imo-
golite and have referred to it as such throughout this study.
Amorphous silica consisted of globular aggregates with varying
particle sizes in the range of 10 s to 100 s of nm (Fig. S17).
This was confirmed through EDS analysis which showed the
sample contained only silicon. Overall, the sizes and mor-
phologies observed in HR-TEM were generally consistent with
what has been reported previously for synthetic pseudo-boeh-
mite, imogolite, proto-imogolite, and amorphous silica.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 pXRD patterns of the different endmembers used for LCF ana-
lysis. From the top, these profiles correspond to amorphous silica (AS),
proto-imogolite (Pl), imogolite (IM) and pseudo-boehmite (PB). A syn-
thesized product (grey) and the resulting LCF fit (black) are shown with
a difference curve (grey) at the bottom. The fit corresponded to a phase
partition of, approximately, 34% imogolite, 52% proto-imogolite, 7%
amorphous silica and 7% pseudo-boehmite.

The majority of the other products of the different synthesis
experiments did not result in a single pure phase but con-
tained a mixture of the different endmembers instead.
Qualitative evidence for these mixtures was provided by pXRD,
which showed combinations of distinct pXRD peaks for imo-
golite, proto-imogolite, pseudo-boehmite and/or amorphous
silica all present in a single sample (Table 1).

2.3 Linear combination fitting

Linear combination fitting of pXRD was used to quantify the
abundances of imogolite, proto-imogolite, pseudo-boehmite
and amorphous silica in a set of 74 synthesis products. An
example of the LCF fit of a pXRD pattern from a synthesized
product is shown in Fig. 1. Table 1 shows the results of LCF
analysis and summarizes the starting conditions used for each
synthesis. LCF results show that the abundances of proto-imo-
golite and imogolite varied from 0 up to 100% for the different
synthesis conditions. The abundance of amorphous silica,
varied between 0 to ~74%, while pseudo-boehmite ranged
from 0 to 93%. Based on the distinct peak positions presented
for each phase, a linear combination of two phases would only
work on samples lacking the distinct peaks for the other
reported phases. For example, significant quantities of amor-
phous SiO, commonly occurred with proto-imogolite, and the
diffraction patterns for those samples lacked the distinct
peaks for imogolite at ~8 degrees, and pseudo-boehmite at
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~50 degrees. A linear combination of those conditions using
all 4 phases would usually result in 0 weights or extremely low
values for the absent phases. Conversely, using 2 phases for a
sample that possessed more peaks than could be accounted
for resulted in very poor or failed fits, based on the visual
inspection of the difference patterns or complete inability to
fit any peaks present. The data illustrate how variations in the
abundances of proto-imogolite, imogolite, and amorphous
silica occur with differences in synthesis conditions.

2.4 Regression modeling of imogolite, pseudo-boehmite,
proto-imogolite and amorphous silica

Due to the relatively high number of conditions (Table 1) that
did not result in a detectable amount of imogolite, any stan-
dard multivariate regression performed would be skewed by
those zero values. A binary logistic regression coupled with a
likelihood ratio test of all parameters was used to identify the
most significant condition dictating the presence of imogolite.
Concentration was found to be, by far, the most statistically
significant parameter determining the presence of imogolite
nanotubes (Fig. 2).

This binary regression was used to determine the concen-
tration at which imogolite nanotubes are likely to occur. A
subset of the data in Table 1 obtained using that concentration
cutoff was then analyzed with a multivariate regression to
determine factors affecting the proportion. The proportion of
imogolite is modeled with the following relationship:

(IM)3= —14.99 — 2.10In(conc) + 6.42H
+ 0.88rate + 1.57cat — 1.72H> (1)
— 0.23H X rate — 0.31rate x cat

In eqn (1), IM represents the resulting proportion of imogo-
lite as a percentage, conc refers to the initial Al solution con-
centration (M), H corresponds to the hydrolysis ratio (mol
mol ™), rate is the rate of base addition (ml min™") and cat is
the cation ratio (mol mol™"). The negative coefficient for con-
centration implies increased imogolite proportion with lower
concentrations, while the quadratic relationship for the
amount of base added implies decreased proportion at rela-
tively low and high OH : Al ratios. We also observe a complex
relationship between the hydrolysis ratio, rate at which the
base is added, and the cation ratio as indicated here by the
interaction terms and visualized in the ESI (Fig. S21). The
overall model was found to be significant, with a p-value less
than 0.0001, and an adjusted R* of 0.85, meaning it explains
85% of the variance in the data. The starting concentration
and hydrolysis ratio were both considered statistically signifi-
cant factors, with confidence >99.99%. Cation ratio was signifi-
cant, by virtue of its interaction with the rate at which base is
added, at >95% confidence. The imogolite proportions pre-
dicted in the model were compared to the experimentally
measured counterparts based on the initial synthesis con-
ditions, and the resulting plot is shown in Fig. 4a.

The Root Mean Square Error (RMSE) is 0.65, meaning the
model can predict the imogolite proportion to within +0.3%,
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Table 1 Synthesis starting condition and normalized LCF phase abundances

View Article Online

Nanoscale

NaOH addition Al:Si Hydrolysis Imogolite Proto-imogolite Am. silica Ps. boehmite

Concentration (M) (mL min™") ratio ratio (%) (%) (%) (%)
0.005 10 1 2 100.0 0.0 0.0 0.0
0.005 5 1 2 90.9 0.0 0.0 9.1
0.005 10 2 2 19.7 0.0 3.8 76.5
0.005 2 2 3 9.7 16.9 8.6 64.8
0.005 2 1 3 8.4 0 2.7 88.9
0.005 2 2 2 100 0 0 0
0.005 5 1.5 2 100 0 0 0
0.005 5 2 3 0 27 3 70
0.005 10 1.5 3 0 59.8 2.8 37.4
0.005 10 1 3 0 74 10.3 15.7
0.005 5 1 0.5 6.6 87.5 5.9 0
0.005 2 2 0.5 33.8 52.4 6.6 7.2
0.005 10 2 1 89 5 0 6
0.005 10 2 0.5 50.6 38.9 0 10.5
0.005 2 1 1 15.6 73.9 0 10.5
0.01 5 1 2 32.4 67.6 0.0 0.0
0.01 2 1.5 2 20.2 79.8 0.0 0.0
0.01 2 1.5 3 0 29.2 9.8 61
0.02 10 1.5 1 9.6 48.9 29.4 12.1
0.05 5 2 2 23.7 76.3 0.0 0.0
0.05 5 2 3 6 0 1.4 92.6
0.05 10 1.5 0.5 0 78.8 21.2 0
0.05 10 1 0.5 0 77.3 22.7 0
0.05 5 1 3 0 90 10 0
0.1 5 2 3 10.5 0 0 89.5
0.1 10 1 0.5 0 36.4 63.6 0
0.1 10 2 0.5 0 70.1 29.9 0
0.1 10 2 2 0.0 96.0 4.0 0.0
0.1 2 1 1 0 92.6 7.4 0
0.1 10 1 2 0.0 96.4 3.6 0.0
0.1 5 1 1 0 82.2 17.8 0
0.1 0.5 2 1 0 84.1 15.9 0
0.1 10 1.5 3 0 32.5 0 67.5
0.125 10 2 1 0 56.5 43.5 0
0.125 2 1.5 1 0 72 28 0
0.125 5 2 1 0 77.5 22.5 0
0.125 1 2 1 0 85 15 0
0.125 2 1 1 0 58.3 41.7 0
0.125 2 2 1 0 79.9 20.1 0
0.125 5 1.5 3 0 86.2 13.8 0
0.125 2 2 2 0.0 90.4 9.6 0.0
0.125 10 1.5 3 0 50.5 7.3 42.2
0.125 10 1 3 0 93 7 0
0.125 5 1 3 0 94 6 0
0.15 2 2 3 5.8 0.1 3 91.1
0.15 5 2 1 0 91.6 8.4 0
0.15 5 1 1 0 60.7 39.3 0
0.15 2 2 1 0 85.4 14.6 0
0.15 0.5 2 1 0 84.7 15.3 0
0.15 5 1.5 2 0.0 85.3 14.7 0.0
0.15 1 2 1 0 91.2 8.8 0
0.15 10 1.5 3 0 76.5 0 23.5
0.16 10 1 1 0 54.9 45.1 0
0.16 10 1.5 1 0 74.1 25.9 0
0.16 2 2 1 0 75.6 16.4 8
0.175 0.5 2 1 0 65.1 34.9 0
0.175 0.5 1 1 0 61.1 38.9 0
0.175 2 1 1 0 36.6 63.4 0
0.175 5 1 1 0 53.7 46.3 0
0.175 10 1.5 3 0 45.7 27.1 27.2
0.175 2 1.5 1 0 72.3 27.7 0
0.175 5 2 1 0 83.8 16.2 0
0.175 2 2 1 0 87.6 12.4 0
0.175 10 2 3 0 79.1 0 20.9
0.185 2 2 1 0 38.4 61.6 0
0.185 2 1 1 0 48 52 0
0.185 5 1.5 3 0 100 0 0
0.2 2 2 1 0 79.6 20.4 0
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NaOH addition Al: Si Hydrolysis Imogolite Proto-imogolite Am. silica Ps. boehmite

Concentration (M) (mL min™") ratio ratio (%) (%) (%) (%)

0.2 2 2 3 0 25.7 2.6 71.7

0.2 10 1 0.5 0 26.3 73.7 0

0.2 10 1.5 0.5 0 39 61 0

0.2 10 1.5 1 0 72.8 27.2 0

0.2 10 1 3 0 93 7 0

0.2 10 1 2 0.0 100.0 0.0 0.0
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Fig. 2 Logistic regression showing the likelihood of obtaining imogolite
at different Al concentrations. The 0.5 probability corresponds to a value
of 0.0412 M. Vertical jitter is used to show the distribution of overlap-
ping points.

after correcting for the cube root transformation. The Durbin-
Watson (DW) statistic for the residuals of this model is 2.95,
and we therefore fail to reject the null hypothesis that the
residuals are independent at a p-value of 0.05. A plot of the
model predicted values and their corresponding residuals as
observed in Fig. 4 was used to check for adherence of the
results to modeling assumptions.

The residuals were assessed using the Shapiro-Wilks test,
and we failed to reject the null hypothesis that the residuals
are normally distributed at a p-value of 0.05. Normality of
residuals was further confirmed, visually, using a Q-Q plot
(not shown). For subsequent models, these checks are sum-
marized in the ESI (Table S17).

A similar approach was employed for the pseudo-boehmite
model, which also exhibited a prevalence of zero values. The
logistic regression for this phase showed that hydrolysis is the
dominant factor determining the presence of pseudo-
boehmite.

From the model for Fig. 3, we determine that hydrolysis
ratios higher than 2.53 have >50% probability of producing
pseudo-boehmite. Using that cutoff and performing the multi-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Logistic regression showing the likelihood of obtaining pseudo-
boehmite at different hydrolysis ratios. The 0.5 probability corresponds
to a hydrolysis ratio of 2.53. Vertical jitter was introduced to show the
distribution of overlapping points.

variate regression analysis on the resulting subset of data, the
following model for the pseudo-boehmite proportion is
obtained:

(PB)"/*= — 8.07 — 1.99Ln(conc) + 6.07cat
+ 0.98(Ln(conc) X cat)

(2)

In eqn (2), PB represents the resulting proportion of
pseudo-boehmite as a percentage, conc refers to the initial
solution concentration (M), and cat corresponds with the
Al : Si cation ratio (mol mol™?). The overall model is statistically
significant with p-value = 0.0002. The statistically significant
synthesis parameters are concentration (>99%) and cation
ratio (>99.9%). Although the negative coefficient for concen-
tration implies an inverse relationship with pseudo-boehmite
proportion, and the positive value for cation ratio indicates
increased proportion with increasing cation ratio, the presence
of an interaction term implies there may be slight variations in
the trends. These variations are visualized in the ESI (Fig. S37).
This model passes all feasibility tests of normality, autocorrela-
tion, and residual trends. The fits and residual plots are
shown in Fig. 4.
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Fig. 4 Plots of model results showing measured versus modeled result of (a) imogolite, (b) proto-imogolite (c) pseudo-boehmite and (d) amor-
phous silica proportion of synthesis products. Residual plots of predicted (e) imogolite, (f) proto-imogolite (g) pseudo-boehmite and (h) amorphous
silica are also shown. The shaded area represents the 95% confidence interval in each case.

Proto-imogolite showed up in various quantities for most
conditions used in Table 1. A multivariate regression was
carried out on the entire dataset, producing the following
model:

PI = — 2.51 — 4.40rate + 28.94cat + 14.20H

— 45.95(Ln(conc)) — 7.81(Ln(conc))?
— 22.81cat X H + 2.54rate X H

(3)

Here, the percentage proportion of proto-imogolite is
expressed as PI, while rate refers to the rate of base addition
(mL s™'). The ubiquitous nature with which this particle
occurs means there are complex trends even with individual
synthesis parameters. Modeling the data requires the use of
additional variables as observed in eqn (3). This model implies
that slower base addition, and higher cation ratio promote
proto-imogolite formation, however, the inclusion of inter-
action terms indicates variations in those trends (Fig. S4t).
Both variables were found to be statistically significant, while
the overall model was also significant with a p-value less than
0.0001. The model passes all feasibility tests while the result-
ing fit and residual trend are shown in Fig. 4.

Finally, the model developed for amorphous silica synthesis
is described as:

(AS)"*=8.41 + 1.13(Ln(conc)) — 0.36cat .
— 4.28H + 0.68H> — 0.41Ln(conc) x H )

Eqn (4) implies that a relative increase in the concentration

of starting reagents, as well as a relative decrease in the hydro-
lysis ratio are the key factors promoting proto-imogolite (PI)
formation. Intuitively, lower Al:Si ratios (expressed as cat in

6566 | Nanoscale, 2024, 16, 6561-6572

eqn (4)) suggest that as Si increases relative to Al, excess Si
further contributes to the total amorphous silica proportion.
The interaction term in this model indicates that higher initial
concentrations significantly increase amorphous silica pro-
portion at a hydrolysis ratio of 2 or less (Fig. S5t). Al concen-
tration and hydrolysis ratio were the most important factors
with >99.999% significance. The model passes all feasibility
tests while the resulting fit and residual trend are shown in
Fig. 4.

2.5 In situ Dy(R) particle size analysis and regression
modeling

In situ SAXS studies were performed on a subset of synthesis
conditions from Table 1, and the average and median particle
sizes obtained via D,(R) analysis are shown in Table 2. For con-
sistency in the determination of mean particle size, all par-
ticles were assumed to be spherical in shape, which leads to a
valid size distribution with the caveat that sizes derived for
more anisotropically shaped particles, like proto-imogolite, are
slightly larger than the real dimensions possessed.*?

A regression tree analysis was used to model the impact of
input conditions on precursor particle size (Fig. 5a), and the
subsequent role of that precursor size on the phase distri-
bution of nanoparticles (Fig. 5b). To prevent overfitting, a min-
split of 5 was chosen during modeling, which corresponds to
the minimum number of observations each terminal node
must contain before a split is attempted.

We observed that the most significant input condition that
determines precursor particle size is the amount of base
added, followed by the initial Al concentration. At a hydrolysis
ratio above 2.5, particles were mostly larger than ~2 nm, and
generally increased in size with decreasing concentration.

This journal is © The Royal Society of Chemistry 2024
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Table 2 Mean and median particle diameter determined via in situ SAXS analysis

Concentration (M) NaOH addition (mL min™") Al: Si ratio Hydrolysis ratio Mean diameter (nm) Median diameter (nm)
0.005 2 1 3 8.2 2.8
0.005 2 2 3 8.6 3.2
0.005 10 1 2 1.16 1.2
0.005 10 2 2 1.2 1.2
0.005 2 2 2 1.1 1
0.005 10 2 2 1.2 1.2
0.005 5 1.5 2 1.04 1
0.01 2 2 3 7.3 2.8
0.05 5 2 3 3.8 1.6
0.05 10 1.5 0.5 1.0 1.0
0.05 10 1 0.5 1.6 1.6
0.1 0.5 2 1 1.5 1.4
0.1 2 1 1 1.6 1.5
0.1 5 1 1 1.8 1.8
0.1 5 2 3 4.0 1.6
0.1 10 1 0.5 1.0 1.0
0.1 10 2 0.5 1.2 1.2
0.125 1 2 1 1.8 1.8
0.125 2 2 1 1.5 1.4
0.125 5 2 1 1.7 1.6
0.15 0.5 2 1 1.9 1.4
0.15 1 2 1 1.1 1.1
0.15 2 2 1 1.7 1.8
0.15 2 2 3 1.6 1.6
0.15 5 1 1 1.6 1.5
0.15 5 2 1 3.6 1.6
0.175 0.5 1 1 1.5 1.6
0.175 0.5 2 1 1.6 1.6
0.175 2 2 1 1.3 1.2
0.175 5 1 1 1.6 1.6
0.175 5 2 1 1.7 1.5
0.175 10 2 3 1.8 1.2
0.185 5 1.5 3 2.0 1.2
0.2 10 1 3 2.4 1.2
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Fig. 5 Regression tree analysis of the relationship between (a) input conditions and precursor particle size, and (b) precursor particle size and phase
proportion. The top number in each bubble refers to the particle size (in nm) used to split off a node, while the value below is the percentage of
observations reaching that node.
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From the second decision tree, we observe that the ~2 nm cut-
off indicates whether the system becomes predominantly Al-
based (pseudo-boehmite) or aluminosilicate-based (proto-imo-
golite). Larger precursors (~5 nm and bigger) correspond to a
predominant pseudo-boehmite product at over 74%, while
smaller (~2 nm and smaller) particles resulted in proto-imogo-
lite dominant products.

Tracking D,(R) results in situ through the first hour of syn-
thesis show the effect of pH during and after base addition on
particle size. Throughout the pre-oven synthesis process, the
size of precursor particles hovers around the same size, and
there is no obvious increase in particle size with time. The
mean distribution of particle sizes with time (Fig. S6T) con-
firms there is little to no particle growth until oven treatment.

3. Discussion
3.1 Growth stages of ILS nanoparticles

Studies in the literature conducted at similar conditions have
suggested that the first stage of particle formation during base
addition involves the formation of soluble Al and Si complexes,
followed by the spontaneous formation and growth of gibb-
site-like Al(OH); nanoparticles."**> At low hydrolysis ratios,
the rapid uptake of OH™ by AI** is apparent when the addition
of NaOH ceases, after which the pH is observed to decrease.
This effect presents itself at higher hydrolysis ratios, as a
pseudo-plateau around pH 4. In the following step, tetrahed-
rally coordinated silica attach to the gibbsite-like sheets, a
process which displaces ~OH groups, releases H;O" (ref. 30)
and results in the condensation of what we suggest to be the
proto-imogolite precursors. With supporting in situ SAXS data
(Fig. S67), we conclude that the processes facilitating the con-
densation of particles occurs immediately as the base is being
introduced, and all resulting particles are of similar sizes.
Further stabilization in precursor particle formation and par-
ticle density over time results in decreasing pH that eventually
stabilizes by the final stage. During oven treatment, additional
condensation occurs and causes a drop in pH. Comparisons of
sample pH pre and post oven treatment show a drop in all
cases, which was 0.6 units at the least and 2 units at most. For
syntheses carried out at a hydrolysis ratio of 5, post-synthesis
pH was >11.7 and no drop in pH was observed during syn-
thesis and after oven treatment. Using pXRD, we concluded
that the relatively high pH at a hydrolysis ratio of 5 resulted in
the co-precipitation of amorphous Al (hydr)oxides and amor-
phous silica only. As such, those data are not included in our
models, but the diffraction pattern and corresponding pH data
for one sample can be found in the ESI (Fig. S77).

3.2 Evidence of allophane versus proto-imogolite production
in the literature

Extensive syntheses of nanosized aluminosilicates have been
carried out by a variety of researchers at differing starting con-
ditions. Many of these starting conditions overlap directly with
those chosen for this study. Although the authors of the
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current study did not produce any well-formed nanospheres
with the expected sizes of 3-5 nm, as previously described for
allophane, multiple other studies have reported the production
of allophane using similar methods and conditions. The
PXRD patterns of allophane and proto-imogolite are indistin-
guishable, and so cannot be used as evidence towards the pro-
duction of allophane.”*® HRTEM images are the strongest evi-
dence for allophane as a direct measure of morphology, but it
is not a ubiquitous technique used, when distinguishing
between imogolite and allophane. Recent models of allo-
phane-like products have cast doubt on the idealized 3-5 nm
spherical structures due to the variable Al : Si ratio and the less
well-defined structure.** Owing to its variable composition, it
has been proposed that allophane should be thought of as a
series of nanominerals rather than a single species.?” It is the
opinion of the authors that often what is called allophane in
the literature, unless clearly demonstrated through TEM
imaging, is actually proto-imogolite'* in a variety of
morphologies.

3.3 Influence of synthesis conditions on formation of
alumino(silicates)

Hydrolysis ratio and the initial Al concentration during syn-
thesis were the most relevant condition in all models and their
corresponding equations as reported. As a consequence of
modifying hydrolysis ratio across different syntheses, the pH
of pre-oven samples increases with values ranging from 3 at a
hydrolysis ratio of 0.5 to 10 at the hydrolysis ratio of 3. Wang
et al’® observed a structural breakdown in so-called allo-
phanes at pH > 11 and obtained amorphous products they
attributed to the desilication and dealumination of the ILS. At
lower hydrolysis ratios below 1, proto-imogolite is the over-
whelmingly dominant product, with some amorphous silica
contribution and little to no imogolite.

Synthesis studies of an imogolite analogue discovered that
at hydrolysis ratio values below 1.5, extensive tubular struc-
tures were unable to form, and significant structural defects
were observed at values below 2.0.>* Our imogolite regression
model supports that experimental result with imogolite pro-
portion maximized close to OH: Al of 2 and dropping off on
either side of that value.

Additionally, increasing the initial concentration of
reagents, specifically Al, leads to a lower proportion of imogo-
lite. It has been suggested that an increase in concentration
hinders imogolite proportion,*® and this effect has been attrib-
uted to the presence of Cl” ions commonly used in imogolite
synthesis.’” Despite using electron microscopy with comp-
lementary XRD data, the authors of that study could not detect
imogolite fibers when Cl~ concentrations were above 50 mM.
They also noticed that the use of diprotic bases, such as Ca
(OH), that resulted in salts like CaCl,, returned relatively lower
imogolite contents compared to monoprotic bases at similar
cation concentrations. According to other studies, producing
high concentrations of nucleated particles impede imogolite
growth Kkinetics, especially the growth of longer tube

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr00473f

Open Access Article. Published on 21 February 2024. Downloaded on 12/9/2025 6:48:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

structures.>'® Our model agrees with the already established
effects of concentration on imogolite proportion.

The Al:Si ratio was a significant factor in modeling all
phases except pseudo-boehmite. At lower pH values and in the
presence of excess Si associated with lower Al:Si ratios, we
suspect the Si complexes in solution polymerize since there
are fewer gibbsite-like-sheets with which to bond. Further,
amorphous Si has been shown to inhibit imogolite growth,
while polymerizing Si chains originating on tetrahedral sites
and creating Si-rich local structure are known to occur for
proto-imogolite.” We observe these effects as the prevalent co-
existence of appreciable amounts of amorphous silica and
proto-imogolite in our pXRD patterns, while the reverse holds
true for imogolite predominant versions of our samples.

None of the products containing pseudo-boehmite exhibi-
ted the sharp diffraction peaks associated with its crystalline
phase, despite being aged for 7 days. Compared to other simi-
larly aged products, this finding hints at the presence of
alumino(silicates) as a method for controlling or inhibiting
the crystallization of pseudo-boehmite nanoparticles.

Using the models derived for each nanoparticle phase, we
produce phase maps as a function of input Al, H" and Si con-
centrations (Fig. 6). These maps confirm that there are loca-
lized areas in the chemical space where the proportion of any
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particle is maximized, with overlapping regions elsewhere that
produce mixed phase products. Imogolite is observed to occur
within a relatively narrow region of synthesis space, consistent
with commonly reported conditions in the literature. Proto-
imogolite occurs over a wider range, which could be explained
by the suggestion that it has variations in composition, and
this agrees with the more varied examples from the literature.
Pseudo-boehmite occurs at relatively higher Al concentrations
and lower acidity, while amorphous silica predominates at
high Si concentrations except at very low acidity.

3.4 Regression approaches in geochemical systems

Alongside the use of in situ data, a multivariate regression
approach has allowed for a holistic description of the system.
Using this systematic methodology creates the opportunity to
explore unaddressed questions. Modeling predicts that proto-
imogolite is energetically favored to persist when precursor
particles are less than 4 nm in size.® Using this multivariate
approach, and assuming the accurate quantification and expla-
nation of factors influencing the system, we can probe the
relationships between synthesis conditions, particle size and
phase distribution. Our models, specifically the decision tree
visualized in Fig. 5, imply that particle size is directly linked to

Pseudo-boehmite Panetal 2017

This

study (%)

Denaix et al 1999
Levard etal 2012
Ohashi et al 2002

+EHO O @

10

Fig. 6 Phase maps of imogolite, proto-imogolite, pseudo-boehmite and amorphous silica. Contours are derived from model predicted values, and
the base addition rate was optimized for the formation of imogolite and pseudo-boehmite in each case. Hollow circles represent the experimental
data obtained in this study, and the size of each circle correlates to the percent proportion of that nanoparticle. The colored “x” shows the position
of reported input conditions from the literature.”?>3%3° These studies reported single phase products, so we assume 100% proportion of that par-

ticle in the respective phase map.
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synthesis conditions, but larger particles mostly form in con-
ditions that favor the formation of pseudo-boehmite.

The first split in our decision tree, corresponding to the
greatest difference in resulting phase occurs at threshold of
2.3 nm - below this mean particle size, proto-imogolite
becomes the dominant phase in the system. We are unable to
detect the proposed critical size for imogolite formation at this
stage of the synthesis process, as both imogolite and proto-
imogolite precursors have similar sizes. It is also possible that
the growth needed to achieve this critical size occurs very early
on in the aging step, but after the hydrolysis stage. Our Dy(R)
plots show that a range of particle sizes occur after hydrolysis
(Fig. S87), and the distribution of particle sizes are expected to
directly correlate with the distribution of phases.® Simulated
fits of proto-imogolite SAXS data using a mixture of proto-imo-
golite sizes has been shown to adequately fit the corres-
ponding SAXS data, further highlighting the polydispersity in
precursor particle sizes.*°

Past studies suggested that the mechanism of growth
involves the thermodynamic self-assembly of precursor par-
ticles,*" while others proposed a kinetic growth process where
“seeds” of pre-existing nanotubes grow to longer lengths in the
presence of precursor particles.”> More recent studies seem to
agree with the notion of kinetically driven growth via aggrega-
tion of pre-formed sections, although it is less certain why par-
ticle growth slows down drastically after approximately 3 days
of aging.

4. Conclusions

The present study uses a systematic synthesis procedure com-
bined with a suite of complementary analytical techniques,
assessed using linear combination fitting and analyzed with
multivariate regression techniques, to determine the influence
of starting physical and chemical conditions on the final
phase composition of nanosized alumino(silicate) products.
Although synthesis methods previously reported to have
formed allophane were used, the only definite products pro-
duced were imogolite and proto-imogolite. Using a systems
approach allowed us to examine how concentration of starting
reagents, elemental ratios, hydrolysis ratios, and precursor par-
ticle sizes all simultaneously and independently influenced
the proportion of each endmember. We produced linear
models with statistically significant high predictive power that
quantitatively described the effect each factor had on the
phase abundance of each endmember. The models accurately
represented what was found experimentally in several litera-
ture studies.

These models can help answer questions about nano-
particle formation, and address factors in a uniquely systems-
based approach not yet employed in this field. This approach
can be applied to a multitude of geochemical systems to
produce predictive models about crystallization. Using these
models, we can probe questions about what chemical and
physical properties are most important during mineral or pre-
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cursor formation, which can lead to insights about mecha-
nisms and reactions.

5. Experimental
5.1 Synthesis

Nanosized aluminosilicates were synthesized at room tempera-
ture using a method adapted from the literature.””'*>”*?
Solutions of aluminum chloride hexahydrate (AICl;-6H,0,
Sigma-Aldrich, 99%) were prepared in a standard borosilicate
glass reactor to obtain concentrations ranging from 0.005 M to
0.2 M. Tetraethyl orthosilicate (TEOS, Sigma-Aldrich, 99.9%)
was immediately added to reach Al:Si molar ratios ranging
from 1 to 2. TEOS was added prior to inducing hydrolysis to
minimize silica polymerization. Hydrolysis was achieved by
pumping a 0.1 M sodium hydroxide solution (NaOH, Fisher
Scientific, 99%) at rates ranging from 0.5 to 10 mL min ",
using a peristaltic pump (Ismatec IPC8) fitting with Tygon
2-stop tubing (Ismatec SC0824) to achieve [OH]: [Al] hydrolysis
ratios of 0.5 to 3. The resulting solution was stirred at 400
RPM for 1 hour, while monitoring pH at 5-second intervals
(Oakton PC 2700). The solutions were then transferred to
125 mL anaerobic glass serum bottles sealed with butyl rubber
stoppers and aluminum seals (DWK Life Sciences 223748),
and then heated constantly at 95 °C for 7 days (Fisher Isotemp
215G). The resulting solution or gel was then dialyzed against
18.2 MQ cm ultrapure water using a 12-14 000 Da, 25 mm dia-
meter standard grade membrane (Spectra Por) until the con-
ductivity of the solution reached below 2 uS m™". The dialyzed
solution was then dried at 40 °C to obtain a film and/or coarse
powder, subsequently ground up for consistency into a fine
white powder for further analysis. The imogolite endmember
was synthesized at an Al concentration of 0.002 M, Al: Si ratio
of 2 and OH:Al ratio of 2. Proto-imogolite conditions were
similar except for an Al concentration of 0.2 M. For pseudo-
boehmite, Al concentration was 0.1 M, the OH : Al hydrolysis
ratio was 3, 0.2 M ethanol (Fisher Scientific), and the suspen-
sion was aged for 24 hours. Synthesis of an amorphous silica
sample used as a reference was reported previously.**

5.2 Powder X-ray diffraction analysis

Powder X-ray diffraction (pXRD) data were collected using a
Rigaku MiniFlex II Desktop X-ray diffractometer equipped with
a CuKa source (30 kV to 15 mA). Dried samples were homogen-
ized using an agate mortar and pestle and the powders were
pack mounted into a well in a zero-background single crystal
silicon holder. Diffracted intensities from the samples were
collected from 5° to 80° 26 in 0.01° increments. Exposure time
was 2 seconds per step and the sample holder was rotated con-
tinuously during data collection. pXRD patterns of imogolite,
proto-imogolite, and amorphous silica were selected as end-
member components based on maximum purity assessed by
pXRD comparisons, SAXS, and TEM data. Diffraction patterns
obtained for all endmembers were cross-referenced with the
studies cited in the literature on the synthesis of high-purity
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particles. It is worth noting in the case of imogolite, that even
high-purity products have been found to contain minor
amounts of proto-imogolite.>**® Background subtraction was
performed for all pXRD patterns using the Fityk program® to
improve peak visibility and uniformity in fitting. Linear combi-
nation fitting (LCF, WinXAS 3.0) was used to estimate the pro-
portions of pseudo-boehmite, imogolite, proto-imogolite, and
amorphous silica in each synthesized product. Quaternary
combinations of the endmember pXRD patterns were fitted to
each sample pattern, from 7.5° to 80° 26, and weight fractions
for each component were determined using a least-squares
minimization procedure. The sum of the weight fractions was
normalized to 100%. Residuals were visually assessed.

5.3 Small angle X-ray scattering

Small angle X-ray scattering (SAXS) data were collected using a
Panalytical Empyrean Nano Edition multi-purpose X-ray scat-
tering platform equipped with a Cu anode (Acykq = 1.5406 A)
and elliptic beam focusing optic with a 1/32° fixed slit.
Diffracted intensities from the samples and backgrounds were
collected from —0.15 to 6° 20 in approximately 0.014° incre-
ments using a GaliPIX*” area detector or proportional detec-
tor. Exposure times ranged from 60-320 s per point. Dry
samples were flat mounted between Mylar films and measured
in a ScatterX”® evacuated sample holder and beam path. In situ
experiments were performed using a custom liquid flow cell
designed for use with the ScatterX’® vacuum stage. In brief,
the synthesis solution was pumped continuously from the
reactor into the flow cell and then returned to the reactor
using a peristaltic pump. Scans were collected continuously
during each experiment to monitor for changes in particle size
distribution during initial hydrolysis and subsequent mixing.
Once the solution began to show stable results, usually up to
90 minutes into the experiment, the final 5 scans were aver-
aged, and the background subtracted. Volume-weighted size
distribution (Dy(R)) analysis®® was performed using EasySAXS
(Panalytical).

5.4 Transmission electron microscopy

HR-TEM imaging was performed on a JEOL 2100 operating at
200 kev and a JEOL EDS equipped with a Silicon Drift
Detector at ~127 eV energy resolution (NCFL, ICTAS, Virginia
Tech). Samples were diluted to 10 ppm, and then dialyzed
against methanol using a 12-14 000 Da, 25 mm diameter stan-
dard grade membrane (Spectra Por). Before imaging, samples
were placed in a sonicating bath for 1 minute to disperse
aggregates. The samples were mounted on Lacey-carbon,
300 mesh, copper-backed grids from Ted Pella. The grids were
dried in air and stored in a benchtop vacuum chamber.

5.5 Multivariate linear regression analysis

Multivariate(multiple) linear regression analysis was applied to
LCF data that estimated each endmember proportion of imo-
golite, proto-imogolite, and amorphous silica. The starting
physical and chemical conditions were input as continuous
explanatory variables, with separate regression models devel-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

oped for each endmember as the response variable. All inde-
pendent variables were analyzed to confirm a lack of corre-
lation between them for each model. Models were correctly
specified, and residuals were checked to confirm adherence to
regression modeling assumptions including normality, sto-
chasticity, homogeneity of variance, and lack of autocorrela-
tion. All regression analyses were performed using R on
RStudio.
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