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ABSTRACT

Saponite is a smectite group clay mineral that finds applications in chemical industry as a catalyst
or catalyst precursor as well as in nanocomposites used for structural or catalytic applications.
Saponite of a controlled composition, crystallinity, particle size and morphology, would be highly
beneficial to industry, however, such materials are not found in a sufficiently pure form in nature.
Synthetic methods to produce saponite with specific properties are currently lacking as the
understanding of the mechanisms controlling its formation, crystallinity, particle size and
morphology, are limited. Understanding the saponite formation mechanism is crucial for the
development of a highly-tuned and controlled synthesis leading to materials with specific
properties. Here we report a new chemical reaction mechanism explaining the nucleation and
kinetics of saponite growth at different pH, at 95-100 °C and under influence of pH modifying
additives explored via a combination of X-ray scattering methods and infrared spectroscopy. Our

results show that the main factor affecting the nucleation and growth kinetics of saponite is the



pH, which has a particularly significant impact on the rate of the initial nucleation. Non-uniform
reactivity of the aluminosilicate gel also significantly affected saponite growth kinetics and caused
a change in rate determining step as seen in graphical abstract. The most crystalline saponite was
obtained when the nucleation was suppressed by a low initial pH (<7) but the reaction was
performed at a higher pH of about 9. The stacking of the saponite sheets can be further improved
by a separate post-synthesis treatment with an alkali (NaOH) solution. A method for synthesizing
a high crystallinity saponite through a simple, ambient pressure method, that could easily be

upscaled for industrial purposes.

1. INTRODUCTION

Clays are sheet silicates used in catalysis in the chemical industry or as nanocomposite components
in manufacturing in addition to more traditional applications such as production of ceramics or
building materials . Currently almost all industrially consumed clays are mined or are derived
from mined sources. However, natural clays often lack the high purity needed for specialized
industrial processes®. In addition, the particle size of natural clays cannot be freely controlled, a
feature that is of particular importance to nanocomposites as it affects the mechanical properties®.
Development of synthetic methods capable of producing pure, high quality clay minerals with
specified particle sizes 1s highly desirable for industrial catalytic and nanocomposite
applications®>’.

Clays consist of an octahedral layer of cations (usually M?* or M>") coordinated by oxygen atoms
and hydroxy groups (Figure S1), surrounded on both sides (in some clay minerals, like kaolinite,
only on one side) by tetrahedrally coordinated silicon layers (solid solution with M>* cations, such

as Al 3" is possible) forming sheets, that are usually separated by hydrated metal ions. Among



clays, saponite, is of high relevance as it has important applications in a series of catalytic processes
2378 " and has a structure that allows solid solutions to be formed in both, the tetrahedral and
octahedral, layers. As such, saponite, belongs to the trioctahedral smectite group and contains
mainly Mg?" in the octahedral layer and a solid solution of AI** and Si*" in the tetrahedral layer
(model composition used in this study Naj2(Ali2S16.8)Mge)O20(0H)4-nH20, Figure S1) with the
charge balance provided by hydrated Na* or other interlayer ions*. There are various methods

9,10

describing clay synthesis, including saponite™'”, using either high pressure and high temperature

8,11-13 14,15

hydrothermal conditions , very low concentrations and long reaction times or ambient

°)!1621 However, all of these methods

pressure and moderate temperature synthesis (<100 C
produce clays of much lower crystallinity than natural ones and the clay formation mechanism has
never been accurately described’.

Currently there are three main clay mineral formation mechanisms suggested: (a) rapid initial
formation of nuclei that is followed by their coalescence into sheets?®?!, (b) self-assembly of
aluminosilicate sheets in solution followed by attachment of octahedral layer cations, then
followed by stacking!! or (c) self-arrangement of the amorphous aluminosilicate gel starting
material after it has been infused with Mg?" ions'®.

Furthermore, many of the parameters that affect the nucleation and growth reactions, (e.g., pH
' organic additives '>!316) are still poorly understood as is the saponite growth kinetics with even
the reaction order not being clearly known'®2%2!, Many studies have used organic additives in clay
synthesis which often are carboxylates or nitrogen bases that are potential complexing ligands
towards Mg?" and A" 1213161922 yet their role in or influence on the clay formation processes

have not been quantitatively assessed. Interestingly, various organic compounds have been

postulated to have played a crucial role in the apparent changes in clay mineral abundance



throughout geological time?*-*

and have even been proposed to be the catalyst for the clay
formation??.

In this study we aimed to resolve some of the existing ambiguities and quantitatively assess the
formation mechanism of saponite by monitoring the nucleation and crystallization of saponites
with X-ray scattering methods and infrared spectroscopy (IR) analysis. In particular, we focused
on the initial nucleation and growth and evaluated the effects of pH and various organic additives

(Table 1, S1) on the nucleation and growth steps of the saponite formation process.

2. EXPERIMENTAL METHODS

2.1 Saponite synthesis

Saponite was synthesized following a slightly modified method from Besselink et al (2020)¢,
the replicate of which is referred to as “Default conditions” (Table 1) with the other syntheses
being derived from it by changing or removing the additives. The synthesis proceeded through 2
main steps described by the following equations:

Step 1: Synthesis of the aluminosilicate gel:

Na[Al(OH)4]aq) + 6.8 Na2SiO3(aq) +4.4 H2O — Nai2(Al12Si6.8)O16(agqis) + 13.6 NaOHaq) €q (1)

The formation process and structure of the aluminosilicate gel is rather well understood and will
not be discussed further 2°28,

Step 2: Saponite synthesis, the main focus of this study:

Nai.2(Al12Si6.8)O16(ags) T 6 MgClogag) + 12 OH (aq) = Nai.2([Al12Si6.8]Mge)O20(0OH)4s) + 12 CI°
(aq) €q (2)

In all experiments, the aluminosilicate gel was produced by mixing an alkaline sodium aluminate
solution with a 1.2 M Na»Si03 solution and heating the resulting suspension at 95 °C for 1 hour

under reflux (eq. 1).



The resulting strongly alkaline aluminosilicate gel was cooled to room temperature. A 0.21 M
MgCl solution containing various additives (Table 1, S1) was then added. The pH of the mixture
was adjusted to the desired value (between pH =7 and 11, Table 1) with 2 M HCI and the reaction
mixture was heated to 95 °C and kept stirring for 72 hours (3 days) under reflux (eq. 2). For kinetic
monitoring aliquots were taken and quenched in cold water after which the pH was recorded. The
solid reaction products were separated by centrifugation and washed three times by resuspension
in water followed by centrifugation (for full detailed experimental procedure see SI Section 1.2).

2.2 Saponite synthesis variations

Variations of the synthesis process were tested to explore the nucleation process of saponite (a)
or to achieve a more crystalline saponite product (b and c).

(a) The solid and liquid components of the aluminosilicate gel (produced in step 1, eq. 1) were
separated by centrifugation. The resulting liquid was rapidly mixed with the 0.21 M MgCl,
solution, leading to an instantaneous formation of a white precipitate that was separated from the
supernatant by filtration, washed on the filter with water and dried for 24 h in vacuum. The product
of this reaction is hereafter referred to as “saponite precursor”.

(b) Aluminosilicate gel synthesized as described above (step 1, eq. 1), was acidified to pH = 3
using 2 M HCI, (instead of the usual pH 7 - 11) and mixed with a solution containing MgCl, (0.21
M) and urea (0.84 M). After about 5 minutes the pH of this mixture was re-adjusted to pH = 7
using 1 M NaOH and the mixture heated at 95 °C under reflux for 72 hours while stirring. The
reaction products were processed as described above (Section 2.1) and are referred to hereafter as
“highly crystalline saponite”.

(c) One gram of dry ‘highly crystalline saponite’ produced in (b) was mixed with 20 mL 2.5 M

NaOH solution and heated under reflux at 95 °C for 72 hours and under constant stirring. The



reaction products were processed as described above (Section 2.1) and the solids are referred to

hereafter as “alkali treated saponite”.

Table 1. Most significant saponite synthesis with their initial and final pH values as well as the

relative crystallinity of the final products (for the full list of see Table S1).

Synthesis name Additives  (concentrations | Kinetics pH pH Relative
given relative to the total | monitored | initial | final | crystallinity
reaction volume)

Saponite precursor | N/A No N/A N/A | N/A

Highly crystalline | N/A No See 8.58 2.6l

saponite Section

2.2 (b)

Alkali-treated N/A No N/A N/A | 2.77

saponite

Default conditions® | 0.42 M urea; 0.105 M | Yes 7.47 8.42 |2.16

16 Imidazole hydrochloride

No additivespH 7 | - Yes 7.43 7.67 |0.17

No additivespH9 | - Yes 8.45 7.28 10.93

No additives pH 10 | - Yes 9.82 9.08 |0.90

No additives pH 11 | - Yes 10.83 10.05 | 0.84

Urea pH 7 0.42 M urea Yes 6.70 8.35 | 2.1

Urea pH 9 0.42 M urea Yes 8.85 9.51 [0.75

Differnet® additives | Different* additives, see | Selected 6.52- 5.97- | 0-0.25

pH7 Table S1 reactions 7.69 7.42

Differnet® additives | Different* additives, see | Seleced 8.67- 7.46- | 0.51-1.6

pH 9 Table S1 reactions 9.00 9.00

2 Synthesis procedure adopted from Besselink et al. (2020). ® Results from use of different additives

and concentrations are shown together here as it was shown that these additives have no significant

effect on the synthesis (see results and supporting information)




2.3 Characterization methods

The reaction products were analyzed using X-ray scattering (diffraction and reduced pair
distribution functions, G(r)) and infrared spectroscopy. Imaging with a transmission electron
microscope (TEM) and elemental analysis using energy dispersive spectroscopy (EDS) was also

performed.

2.3.1 X-ray scattering

X-ray diffraction measurements were performed with a STOE STADI P diffractometer with a
Cu X-ray source fitted with a curved Ge (111) monochromator and a DECTRIS MYTHEN2
detector in a flat plate transmission geometry. Diffraction patterns were measured over the 20
range of 0 — 84 degrees, with the sample plate being rotated relative to 20 at a ratio of 1:2, with
the data collection time of about 10 minutes per data point with a resolution of 0.015 degrees 20.

The relative crystallinity of the samples (Table 1) was assessed using an empirical measure,
calculated as the peak-to-trough ratio of the scattering peak at Q = 2.4 A™! and the trough at Q =
2.3 A’l. The resulting relative crystallinity could take any value from 0 (saponite diffraction peak
at 2.4 A" not discernible from background) to infinity (theoretically). Higher relative crystallinity
values mean a higher degree of ordering in the saponite formed as well as higher saponite yield
and lower amount of remaining aluminosilicate gel (starting material). Full details of the data
processing and errors are given in the SI Section 4.

X-ray scattering patterns for the reduced pair-distribution function G(r) analysis were collected
using a STOE STADI P diffractometer with an Ag X-ray source fitted with a curved Ge (111)
monochromator and a DECTRIS MYTHEN?2 detector in a Debye-Scherrer geometry, with the dry

samples loaded into 0.5 mm diameter glass capillaries. Each sample was measured over ~5 days



across the Q range of 0 to 20.5 A, with a resolution of 0.015 degrees 20 and with longer
measurement time devoted to the high Q region. The data analysis was performed using the
PDFgetX2 package?. The raw scattering data was corrected for capillary and air scattering
background, absorption, beam polarisation, sample geometry, Compton and multiple scattering.
Lorch smoothing was applied to reduce termination ripples.

2.3.2 Infrared spectroscopy

Synthesis products were also analyzed using infrared absorption spectroscopy (IR) measured with
a ThermoFisher Nicolet iS5 FT-IR spectrometer with KBr optics equipped with an iD7 single
reflection diamond ATR accessory. For each sample, 32 spectra with a resolution of 4 cm™!, were
averaged. All band assignments and further details about peak assignment issues are described in

the SI Section 2.6.

2.3.3 Conventional and cryo transmission electron microscopy (TEM)

Selected samples were imaged with a transmission electron microscope (FEI Tecnai™ G2 F20
X-Twin TEM) equipped with a field-emission gun electron source. TEM samples were prepared
by suspending a few milligrams of the sample in 1-2 mL of acetone, ultrasonicating for 20 min,
then drop-casting them onto holey carbon Cu TEM grids. The grids were then mounted on a Gatan
double-tilt holder at room temperature or a Gatan double-tilt liquid nitrogen cryo-TEM holder at
77 K. Energy filtered images were acquired at an acceleration voltage of 200 kV on a Gatan GIF

Tridiem detector.

2.3.4 Liquid-cell scanning transmission electron microscopy (LC-TEM)
Using the same TEM as described above LC-STEM was applied to assess the nature of saponite

under hydrated conditions. Measurements were performed at an acceleration voltage of 200 kV



using liquid cells consisting of two silicon wafers (E-chips) assembled onto a sample holder
(Protochips Inc., Poseidon 300). Imaging of the samples in their native hydrated conditions was
performed in STEM mode using a high-angle annular dark-field detector (STEM-HAADF), with
a 30 um condenser aperture and a spot size to maintain a constant beam current of 3.19 nA. All
the STEM-HAADF images were acquired in a 512 by 512 pixel format with a pixel dwell time of
10 ps to reach an electron flux of 23.46 ¢ A2 s

2.4 Thermodynamic modelling

Thermodynamic calculations were performed with Geochemist's Workbench Community
Edition 15.0 software, implementing the thermo.tdat thermodynamic database for aqueous mineral

and gas reactions™’.

3 RESULTS AND DISCUSSION

All saponite synthesis experiments resulted in solid products of variable relative crystallinities
between 0 and 2.77 (Table 1, Table S1) with higher crystallinities generally being observed in
samples associated with higher pH. During the 3-day synthesis, the pH generally dropped,
sometimes by up to 1 unit, yet, no significant trend in pH or relative crystallinity with respect to
the organic additives or their concentrations was observed (see Table 1, Table S1 and Figure S2
and S3). pH decrease during the reaction is expected as the net process of saponite formation

consumes OH™ (Equation 2).

3.1 Comparison of the saponite precursor and highly crystalline saponite

The saponite precursor and the highly crystalline saponite represent the most extreme isolable

endmembers of the reaction starting from the very first isolable solid to the most crystalline final



material respectively, excluding additional post-treatments. The X-ray diffraction and the G(r) data
of the saponite precursor (Figure 1 A, B) indicates that despite the apparent instantaneous
formation, the saponite precursor shares many features with the final highly crystalline saponite.
This similarity is demonstrated by the coinciding diffraction peaks of the two phases in the XRD
patterns (Figure 1 A). The peak positions in the G(r)s of both materials are also very similar (Figure
1 B). Nevertheless, the relative intensities of the G(r) correlation peaks are different in the two
materials, especially the Mg-O and (Al,S1)-O correlations, suggesting the saponite precursor is
more magnesium rich then the highly crystalline saponite as confirmed by TEM EDS (Figure S6).
Saponite precursor G(r) peak intensities decay to noise levels over about 10-15 A (equivalent to
about two unit cells), meaning, the saponite precursor is only short range ordered®'. While the
correlation peak intensities in the highly crystalline saponite G(r) also decay rapidly in the first 15-
20 A, the decay rate above 15 A significantly reduces indicating a significant long range order.
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Figure 1. A) Ag-XRD patterns of the highly crystalline saponite (red) compared to the solid
product obtained from the saponite precursor synthesis (blue). Note the very significant unreacted
gel peak in the highly crystalline saponite pattern, which is less pronounced in the less crystalline
saponite precursor. B) Reduced pair distribution functions G(r)s of the highly crystalline saponite
(red) and the saponite precursor (blue). C) IR spectra of the highly crystalline saponite (red) and
the saponite precursor (blue) as well as a spectrum of magnesium hydroxide (Mg (OH)., brucite,
green) for comparison (brucite sample has a minor magnesite impurity indicated by carbonate

absorption peaks near 1450 cm™'.

Conventional and cryo-TEM imaging of the samples (Figure 2, S4) shows the highly crystalline
saponite consists of ~400 nm to 1 um diameter particles composed of aggregated stacks of 5 + 2
sheets around 35 + 5 nm in width (Figure 2). Liquid-cell TEM analyses of the highly crystalline
saponite (Figure S5) confirms the heavily aggregated and entangled sheet-like nature of the
material is an intrinsic material property and not an artefact. Although both, the XRD and G(r)
(Figure 1 A, B), revealed the saponite precursor was short range ordered, it was impossible to
obtain high-resolution images with the conventional or cryo-TEM due to the beam sensitivity of
the sample making it appear amorphous. Selected area electron diffraction patterns were consistent
with a very poorly crystalline material and showed features very similar to those observed with

the XRD (Figure S4).
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Highly crystalline
saponite

saponite |Saponite
precursor

Figure 2. Conventional (a, b) and cryo-TEM (c) images of the highly crystalline saponite and
cryo-TEM of the saponite precursor (d) show that the saponite precursor appears amorphous, while

stacked and entangled sheets are visible in all images of the highly crystalline saponite.

To further evaluate the differences and similarities between the saponite precursor and the highly

crystalline saponite, their IR spectra were compared (Figure 1 C). Both contain a small peak

12



corresponding to MgO-H stretching vibrations at 3690 cm™!, and the water absorptions between
3600 and 3000 cm™! (stretching) and at 1640 cm™ (bending)*?. Aluminosilicate component absorbs
strongly in both materials in the range between 1200-800 cm™'. However, only one peak in this
region is clearly resolvable in the highly crystalline saponite, while in the saponite precursor the
absorption band is composed of multiple overlapping peaks. This further confirms that, although
the aluminosilicate component is present in both materials, the structures are not identical. The
highly crystalline saponite is characterized by a well resolved Mg-OH bending mode band at 660
cm™! while in the precursor this mode is either absent or shifted to ~ 620 cm™'. There are also Si-
O-Si bending mode absorption peaks in this region, therefore, this peak cannot be conclusively
assigned®*-*. However, the overall absorption in the 560-660 cm™ region is significant in the
saponite precursor spectrum indicating an intermediate stage between Mg(OH); and the highly
crystalline saponite. This is interpreted to be due to there being fewer (Al,S1)O4 tetrahedra attached
to the Mg(OH)> octahedral layers, which leads to the shift of the absorption peak maximum to
lower wavenumber, closer to that of pure Mg(OH),. The attachment of the (AL, Si)O4 tetrahedra is
expected to be less ordered than in the highly crystalline saponite and the particle size of the
saponite precursor is very small as shown by the G(r) (Figure 1 B). This results in the Mg-OH
bending mode being very broad and shifted due to the multiple different local Mg-OH
environments. Both materials also show a strong, broad absorption band at 420 cm™!, where Mg-
O and Si-O-Si bending modes are expected®**°. The similarities of MgO-H stretching peak at 3690
cm’! and Mg-O stretching band at 420 cm™ suggest that the magnesium environments are rather
similar, although the Mg-O stretching band at 420 cm™ overlaps with the Si-O-Si rocking mode,

therefore the interpretation of this lower frequency band is inconclusive.
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IR spectra of both, saponite precursor and highly crystalline saponite, show significant
similarities to brucite, Mg(OH),, thereby implying significant structural similarities between the
magnesium bonding environments in all three materials (Figure 1 C). However, despite the
similarities in the magnesium bonding environments of these three materials the lack of brucite
peaks in the XRD patterns (Figure 1 A) clearly show that brucite is not a byproduct of our saponite

synthesis.

3.2 Saponite precursor nucleation

The significant similarities between the saponite precursor and the highly crystalline saponite
observed in XRD, G(r)s and IR (Figure 1) indicate that many features of the highly crystalline
saponite structure are already present in the initial saponite precursor precipitate. The nucleation
is effectively instantaneous under the synthesis conditions used here. During the 72-hour reaction
at 95 °C, the unreacted reagents are converted into saponite, however, no fundamentally new
structural motifs are formed. In this process saponite precursor develops a long range order,
thereby becoming saponite. Its short range order is also refined to some extent as indicated by
change in shape of the aluminosilicate asymmetric stretching band at = 1000 cm™ in the IR (Figure
1C).

These results are consistent with the observations by Decarreau®**

, who synthesized hectorite
and stevensite, which are structurally very similar to saponite. Decarreau reported that reagent
mixing produced a “precipitate containing only smectite nuclei” that were inferred to be crystalline
based on TEM analyses*®. However, Decarreau also used XRD to describe the clay nuclei as

“pencil shaped” and by using the Scherrer equation he calculated these to be “stacks of 2-4 sheets

along the c direction” as he also seems to have been unable to observe these features using HR-
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TEM imaging. In the XRD pattern of our saponite precursor (Figure 1 A) this was not observed,
as no (001) scattering peak was present. Therefore, significant stacking of sheets in the saponite
precursor is not supported by our data. The geometry of the individual crystallites could not be
evaluated using TEM due to beam sensitivity (Figure 2). Although no (001) scattering peak was
observed in the XRD of the saponite precursor, the XRD data together with the TEM and IR data
suggests the saponite precursor is very likely an equivalent material in the saponite system to the
“clay nuclei” as reported Decarreau for the stevensite and hectorite system.

The saponite precursor was more Mg rich compared to the final saponite (EDS, Figure S6),
therefore its most likely formation mechanism is the initial precipitation of individual octahedral
layer fragments (brucite-like magnesium hydroxide sheets) of 10-15 A in size. This step is
immediately followed by the precipitation of aluminosilicate tetrahedra on their (001) surfaces.
The rapid attachment of aluminosilicate tetrahedra leads to poor ordering reflected in very broad
and poorly developed diffraction peaks in the XRD as well as a broader and more complex (Al,Si)-
O asymmetric stretching band in the IR spectra (Figure 1 C). This formation pathway is consistent
with the solubility calculations which show that during the mixing of aluminosilicate gel and Mg>*
solution the reaction mixture becomes oversaturated with respect to both, brucite and amorphous
aluminosilicate gel, therefore both constituents are expected to precipitate (see SI Section S3.1).

The critical component to initiate the saponite precursor formation and ordering could be either
the brucite-like Mg(OH): sheets'#?237 or the aluminosilicate gel'!. However, only the magnesium
hydroxide sheets as the key initiator are consistent with our observations and the literature data,
where it is well established that the precipitation of magnesium hydroxide by increasing pH leads
to crystalline brucite’® while the precipitation of aluminosilicates by lowering pH leads to an

amorphous material®*. Knight et al. (2007) identified nearly 50 silicate species (monomer, dimer
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and many oligomers) in alkaline silicate solution, however, none of these where 6-membered rings
or structurally similar species to motifs encountered in saponite structure that could directly
participate in clay formation or templating without a significant geometry change*’. The two most
common fragments are monomeric and dimeric tetrahedra that are prime candidates for

precipitation onto brucite-like magnesium hydroxide surface'#?2.

Therefore, the saponite
nucleation process (formation of saponite precursor) could be approximated by the following two
equations:

Mg (ag) + 20H ag) = Mg(OH)2 9

Mg(OH): ¢5) + n Gelag) = Nuc(ag)

Where Gelg) represents the aluminosilicate gel (Naj 2(Al;2S16.8)O16) and Nucq) represents the
saponite nuclei (saponite precursor).
It is important to note the saponite precursor was produced in the absence of any additives,
demonstrating that no catalyst or template is required for saponite nucleation in contrast to the
suggestions in other studies?>2*,

3.3 Highly crystalline saponite product

Guided by the present findings of the saponite nucleation, a method for producing highly
crystalline saponite was devised. This was achieved by suppressing nucleation in the beginning of
the reaction by mixing the aluminosilicate gel with magnesium chloride at low pH. Thereby the
consumption of reagents during the instantaneous formation of a large number of nanocrystalline
saponite nuclei was prevented. Instead, the slow increase in pH produced fewer nuclei allowing
their growth to larger sizes. The product obtained displayed significant atom pair correlation peak

intensities up to 40 A in the G(r) (Figure 1 B), which was more than the saponite produced by

Besselink et al. (2020), whose most crystalline product had atom pair correlation peaks only to 25
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A, The pair correlation peaks of the highly crystalline saponite G(r) decay rather rapidly over the
first 15-20 A, however, the amplitude at r values above 20 A stays approximately constant and
significant. This indicates that the highly crystalline saponite sample was composed of two
components - a poorly crystalline (short range ordered) material (rapid correlation peak decay over
15-20 A) and a highly crystalline (long range ordered) material (slow correlation peak decay up to
at least 40 A). XRD data (Figure 1 A) indicates the highly crystalline saponite contains significant
fraction of unreacted amorphous aluminosilicate gel (the poorly crystalline phase) in addition to
crystalline saponite with clearly defined diffraction peaks (the highly crystalline phase). The G(r)
peak decay rate of the poorly crystalline phase (15-20 A) is similar to the peak decay rate of the
saponite precursor, therefore this phase likely represents a material similar to saponite precursor
prior to transformation into the highly crystalline saponite or a continuum of phases in between

the fully amorphous aluminosilicate gel and the highly crystalline saponite (Figure S7).

3.4. Sheet stacking improvement with post-synthesis alkali treatment

To further increase the crystallinity of the saponite, a sample of highly crystalline saponite was
treated with a 2.5 M NaOH solution (Section 2.2 (c)). The alkali treated saponite showed a very
prominent (001) peak in the XRD pattern, not present in any other saponite synthesized here
indicating significantly improved sheet stacking along (001) (Figure 3). In the highly crystalline
saponite the (001) peak could be observed only as a slight shoulder on a large intensity increase
towards very low Q values. A peak corresponding to (113) at Q = 2 was also observed indicating
improved layer stacking relative to one another. This is in contrast to many other synthetic clays
where only (hk0) and (001) peaks are observed*'***. The peaks in the XRD pattern of the alkali

treated saponite are of a very similar broadness to those in the other saponites (Figure 3), indicating
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that the defects present within the saponite sheets were not annealed and the sheet size was not
changed by the reaction with OH". Furthermore, the asymmetric nature of the (110;020) and
(130;200) peaks, which is very similar to those of the highly crystalline saponite, indicates that the
turbostratic disorder has also not been significantly improved by the alkali treatment. The (113)
peak is located in a region (Q = 1.5-3.4 A™!) of a rather elevated background, therefore it is very

likely that unreacted gel is still present in the alkali treated saponite.

—— Highly crystalline saponite
—— NaOH treated saponite
—— Default conditions

Intensity

Figure 3. Cu-XRD patterns of saponite synthesized under “Default conditions” compared to the

highly crystalline saponite and the alkali treated saponite (Table 1).

3.5 Saponite growth kinetics and pH dependence

XRD patterns of the time series of the saponite synthesis under the “Default conditions” (Figure
4 C), show a gradual development of diffraction peaks corresponding to saponite (with (110,020),
(130,200) and (330,060) being the most prominent) as well as a slow decrease in intensity of the
broad diffraction band representing the aluminosilicate gel starting material (1.4-2.3 A™"). The most
significant changes happen within the first 24 hours of the reaction, with the saponite diffraction

peak shape being only refined during the last 48 hours of the reaction. This is also reflected in the
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relative crystallinity plot (Figure 4 A) where by far the biggest change in crystallinity occurs over
the first 24 hours. The XRD patterns confirm the presence of a remnant aluminosilicate gel in the
final product, but with a slightly narrower peak shape and position. These trends were also
confirmed through the changes in the IR spectra (Figures S8, S9). pH changes during the reaction
revealed that after starting the reaction at pH 7.47 at room temperature, the pH sharply increased
to pH = 8 and stabilized between pH 8 — 8.3 for the remainder of the reaction (Figure 4 B). This

pH increase is caused by decomposition of urea at elevated temperature*.
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Figure 4. Time series of the changes in A) relative crystallinity and B) pH of the solid reaction
products synthesized using the “Default conditions”. The appearance of a significant relative
crystallinity coincides with the pH reaching a value near 8§ after two hours of heating at 95° C. C)
Cu-XRD time series of the same reaction products. The final pattern (purple) corresponds to a

reaction time of 72 hours (3 days).
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The increase in relative crystallinity of saponites synthesized with no additives at different initial
pH values (Figure 5) shows that higher initial pH, leads to faster development of crystallinity,
which initially follow a non-linear trend that changes to a linear one. At a starting pH of 7 the
initially formed solids were of very low relative crystallinity and even after 72 hours a relative
crystallinity value of only about 0.2 was reached. In contrary at a higher initial pH of 9 the relative
crystallinity increases very rapidly (during the first =10 minutes of heating the reaction) to values
between 0.4 and 0.6 after which the increase in crystallinity is slower and linear with time. The
rapid non-linear reaction progression followed by an approximately linear increase in relative
crystallinity observed at pH 9 follows a very similar trend to that observed by Decarreau (1983)
during the synthesis of stevensite and hectorite. At initial pH of 10 and 11 the initial rate of
crystallinity increase is very high compared to pH 9, and largely takes place while the reaction is
heated from room temperature to the reaction temperature (about 10 minutes). In the later part the
pH 10 and 11 reactions, the crystallinity seemingly decreases. This matches with the observation
that at high pH, the aluminosilicate gel peak appears to shift towards higher Q (Figure 4 C). This
increases the scattering intensity in the trough between the (130,200) diffraction peak and the
aluminosilicate gel peak and therefore reduces the calculated relative crystallinity (even though
the saponite (130;200) peak remains unchanged), hence this decrease in relative crystallinity is an

artefact.
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Figure 5. Increase in relative crystallinity of four “No Additive’ experiment series at a different

initial pH without further pH adjustment.

The relative crystallinity values of the saponite synthesis product with respect to the average pH
(Figure 6, SI Section 1.3) revealed that for saponite to have a relative crystallinity above 0.5, the
average reaction pH has to be about 8.5 or above (“No additives 9” is the only outlier) so that
growth, not just nucleation, can occur. “No additives 9” is an outlier because most of the growth
of this sample occurred in the very early stages of reaction when pH was higher (Figure 5). This
is corroborated by the results from the experiments with an initial pH of 9 or above, which leads
to rapid formation of many tiny nuclei in the very beginning of the reaction. All these nuclei
competed for reagents for further growth, thereby limiting the relative crystallinity of the saponite
product to about 1. The “No additives 9, 10 ,11” experiments also exemplify this as the relative
crystallinity of the final products in these experiments was also about 1 regardless of the initial
pH, as long as it was 9 or above. The highest relative crystallinity was observed when the initial
reaction pH was about 7 but the average reaction pH was about 8.5. This condition was achieved
by the addition of urea, however, urea by itself did not lead to high crystallinity saponite as the

relative crystallinity was only 0.74, if the reaction was started at pH =9 (Table 1).
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Figure 6. Relative crystallinity (determined from XRD data) of the final product (after 72-hour
reaction) versus the average pH (see Section 2.3.1). The most crystalline saponite was obtained
when the pH at the start of the reaction is near neutral, yet during the reaction it is higher, at about

8.5.

3.6 Saponite growth kinetics and modelling

In the additive free experiments (Figure 5), the initial growth of saponite was rapid with the
increase in relative crystallinity following a profile of a 1*' or higher order reaction in the first 10
hours after which the reaction proceeds via a linear 0" order process. The reaction progression was
different in the “Default conditions” experiment where the reaction proceeded as a 1% order
reaction, as shown before by Besselink et al. (2020). However, in the “Default conditions”

experiment the rate determining factor was the decomposition of urea and not interactions between

22



the building blocks of saponite. Therefore, the additive free kinetics monitored experiments (Table
1) were used to develop a mechanism of saponite growth (SI Section 3.2).

The simplest model describing the observations was found to be a model consisting of two
simultaneous processes was used (Figure 7, Table 2). Process one was set to produce saponite via
2" and process two via 0" order kinetics. The two equations describing these model reactions and
the resulting fitting parameters are shown below and in Table 2. Note, Gel(inerty Was assumed to be
of unlimited supply during the course of the reaction.

2Gel(reactive) = Saponite ki

Gelinerty = Saponite ko

Within the context of the kinetics model the notations of Geleactive) and Gel(inerty are inferred to
represent two components of the aluminosilicate gel starting material consisting of a dissolved or
easily dissolvable (reactive) and solid (inert) components. Real amorphous aluminosilicate gel is
expected to have a continuum of sites of different reactivities, however, here the two components
representing the endmembers of reactivity were considered sufficient to explain the observed
reaction progression. There is a general trend of Gelgeactive) and initial reaction rate increase with
increasing pH, although these parameters seemingly decrease slightly as pH is increased from 10
to 11. This feature arises due to the reactions not being monitored from the beginning but from a
more advanced stage where reaction at pH 11 has progressed more than that at pH 10 (Figure 5).
It was also observed that prolonged treatment of the saponite at high pH results in a change of
shape of the aluminosilicate peak and shifts it to the left thereby affecting the peak-to-trough ratio

method used to evaluate relative crystallinity of the sample (Figures 3, S12).
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Figure 7. Kinetic model fits to the “No additives” experiments. The first relative crystallinity

measurement was set as (0,0) point with respect to time and reaction progress.

Table 2. Kinetic modelling parameters fitted to the “No additives” experiment series (Table 1).

Concentration is expressed as empirical concentration units (ECU). The error represents the

difference between the experimentally measured and the simulated relative crystallinity.

Reaction | Initial | [Gel(reactive)Jinit | K2, h ECU™ | Ko, ECU h'! Initial Mean
pH ial, ECU "' volume™ reaction rate, | square error,

ECU h'! ECU

No 7.43 0.2 0.8 0.0006 0.032 0.011

Additives

7

No 8.45 0.5 0.65 0.0042 0.163 0.013

Additives

9

No 9.82 1.2 0.2 -0.0035 0.288 0.06

Additives

10
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No 10.83 | 1.15 0.2 -0.003 0.265 0.04
Additives
11

3.7 Saponite growth mechanism and nucleation and growth coupling
The kinetic data obtained together with other observations reported here and by previous authors
allow a simple mechanism to be deduced that is consistent with all the experimental data.
The following observations have been considered:
e Saponite nucleation process is very rapid (Section 3.2)
e The reaction follows initially 2" then 0™ order kinetics with respect to saponite formation
(Figure 7)
e Saponite growth proceeds faster at higher pH (Figures 5, 6)
e Alkali treatment does not significantly improve crystallinity of individual sheets (Figure
3)
e Incorporation of Mg?" is not the rate determining step (RDS)!¢
e The final product is not concentration dependent (Figure S10).
e The aluminosilicate gel starting material has non-uniform reactivity®> 27404443
e Additives have no effect on the reaction unless they change the pH (Tables 1, S1, Figures
S2, S3)
Saponite growth is controlled by the aluminosilicate gel and can be understood as the following

two-step process with a potentially reversible? 274044

gel dissolution step followed by an
irreversible saponite growth step:

Gels)+ OH (aq) = Gelagy— Saponites)
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The gel dissolution step is supported by the positive dependence of the reaction rate on the pH
(Figures 5, 6) in agreement with other studies on aluminosilicate gels?!%3. It is also supported
by the 0" order reaction rate observable in the later stages of the reaction as the reagent is in a solid
state.

The saponite growth step is supported by the initially observed 2™ order reaction rate. Its
irreversible nature is supported by the XRD data of the alkali treated saponite (Figure 3), where
diffraction peaks of the highly crystalline saponite were not observed to improve in sharpness with
alkali treatment.

Since magnesium is necessary but was shown not to be rate determining at the concentrations
used here by low concentration experiments (SI Section 2.7) and by Besselink et al. (2020)'° it is
not included in the process describing saponite formation kinetics.

There is a change in the RDS of the saponite growth reaction, hence the 2" order rate profile
changes to 0™ order one. This is due to exhaustion of the initially abundant dissolved Gel(g) that
is required in the 2" order step but is resupplied slowly by the 0™ order step. The main factor
influencing the reaction rate is the pH. Higher pH generates higher concentrations of dissolved
aluminosilicate gel Gelwg) which is the rate limiting component of saponite growth. Furthermore,
higher pH increases the nucleation rate due to the precipitation of magnesium hydroxide sheets,
therefore generating more saponite nuclei that can participate in the second step.

The saponite growth step (Gelag— Saponite)) in itself can be expanded into the following
possible reactions and elementary steps, where Nuc(gq) are saponite nuclei (saponite precursor),
Sap(s) is saponite, Gelqg) represents the dissolved aluminosilicate component (like (Al,S1)O4H, ™
), Si;07H, ™ and similar*®):

Nuc(ag) + Nucqg) = Saps)
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Gelag) + Nucag) = Sap(s)

NucC(ag) + Sapags) = Saps)

Gelag) + Sap(s) = Sapys)

Sap) * Saps) = Saps)

The list is non-exhaustive due to the large number of different possible species that could be
similar to any of the three constituents proposed here. Due to the very small size, saponite nuclei
Nucg), and potentially also small saponite particles Sapi) behave like dissolved species and
therefore follow 2™ order kinetics. The exact contribution of each reaction described above is
impossible to quantify from the experimental data obtained so far, though all these processes are
expected to contribute. The exact size at which, in terms of reaction kinetics, saponite starts
behaving like a solid and not a dissolved species is also unknown.

The reaction mechanism proposed here is consistent with previously published observations of
saponite, or similar smectite clay, synthesis, however, it does contradict interpretations of some of
these studies (Table 3).

Table 3. Summary of the most detailed currently proposed mechanisms of saponite (or a very

similar clay, stevensite) formation

Author/source Mechanism summary Problems
Decarreau® 1980,198320-! Rapid nuclei formation Does not explain the complex
followed by the merger of the | reaction rate with a change
nuclei until the formation is from 2" to 0 order
complete
Besselink et al. 2020'° 1% order self-arrangement of | Unreliable kinetics data due
the aluminosilicate gel after to interference from urea
magnesium addition decomposition (see SI)
Vogels® at al. 1997 Aluminosilicate sheet Formation of aluminosilicate
formation followed by the sheets before the octahedral
octahedral layer incorporation | layer is inconsistent with the
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followed by stacking of nucleation data presented
sheets here as well as known
properties of aluminosilicate
gels
This study Rapid nuclei formation Explains all available
initiated by magnesium observations, although, some
hydroxide precipitation stages of the model have not
followed by OH catalysed been confirmed by direct
growth. observations

 Data is for stevensite, not saponite, however, both share the same structure and have a very
similar chemical composition. ®°Hydrothermal synthesis, therefore, alternative mechanisms are
possible.

The saponite formation proceeds via process where nucleation and growth are coupled. To
nucleate saponite precipitation of Mg(OH), sheets are required, which is possible in a pH higher
than 7.6 at 100 °C at the Mg®" concentration used (SI Section 3.1). Higher pH will lead to higher
nucleation rate due to increased precipitation Mg(OH), as well as due to higher aluminosilicate
Gel(ag) concentration in the solution. Therefore, new saponite nuclei forming later in the reaction
can contribute to a distribution of sheet sizes as seen in TEM images (Figures 2 and S4), hence
high rates of saponite nucleation are undesirable if large, uniformly sized sheets are to be formed.
As shown above, to grow saponite sheets elevated pH of about 8.5 is desirable. This presents a
problem as high pH promotes both, nucleation and growth, which together lead to the saponite
product of small non-uniform size sheets of low crystallinity. Urea is a useful additive as reagents
can be safely mixed at neutral or acidic pH initially leading to no reaction. However, thermal
decomposition of urea increases pH gradually leading to a reduced nucleation rate, exemplified by
the increased crystallinity of the highly crystalline saponite compared to the “Default conditions”
or other synthesis modifications (Tables 1, S1). As shown by the conventional and liquid-cell TEM

images as well as XRD data (Figure 2, 3, S5) highly crystalline saponite does not consist of
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uniform, perfectly ordered and isolated sheets. Therefore, while an improvement, urea addition is
not the perfect solution to the problem of nucleation and growth coupling. As the alkali treatment
(Figure 3) shows, the stacking of the sheets can be improved post-synthesis, however, the
crystallinity of individual sheets cannot, therefore high single sheet crystallinity has to be achieved
in the initial synthesis step.

3.8 Proposed synthesis method for non-aggregated size-controlled large saponite sheets

An improved synthesis strategy to obtain size controlled and dispersed saponite can be
suggested. Nucleation is the key control process, and should only happen in the beginning of the
reaction. It should take place in a solution where both, Mg?" and aluminosilicate component, are
in a dissolved state with the nucleation initiating precipitation of magnesium hydroxide sheets.
This can be achieved by a gradual increase in temperature (see SI Section 3.1). Dropwise addition
of reagents creates high local concentrations for a very short time. Such local concentration
variations can be sufficient to start an uncontrolled nucleation at the addition location. The further
reaction should take place in a hot solution under atmospheric pressure at pH 9 with the
aluminosilicate component (ideally dissolved) and Mg?" solution being added very gradually to
match the rate of the reaction and not to reach a concentration where Mg(OH). would precipitate.
The saponite synthesis discussed above was performed under conditions where the aluminosilicate
component was rate limiting. However, if the reaction is performed at very low magnesium
concentrations, magnesium becomes rate limiting. Under such conditions the attachment of new
aluminosilicate species to the growing clay sheets could become reversible. In such a case, clay of
higher degree of ordering in the aluminosilicate sheets could result. Due to the low concentrations

in this synthesis method it is excepted the sheet stacking could be poor, however, this can be
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improved by alkali treatment as shown above. These steps will lead to saponite sheets that are

larger, less agglomerated and better stacked than has been possible with the methods used so far’.

4 CONCLUSIONS

Saponite formation is highly dependent on the pH with OH™ being fundamental for both, the
nucleation, as well as the growth. The optimal pH for growing the largest and most ordered sheets
was found to be pH 9. The formation mechanism of saponite was found begin with a very rapid
nucleation with growth following initially 2™ order kinetics followed by a change in RDS to 0
order process. Organic additives such as amino acids, carboxylates and amines have no significant
effect on the saponite nucleation or growth or the crystallinity of the final product. The effect of
urea is significant but indirect, as it gradually increases pH to 9 through decomposition, which
helps to limit the nucleation while not hindering growth. The stacking of the saponite sheets along
the (001) direction is significantly improved by a post-synthesis alkali treatment. Our findings
provide a pathway towards more controllable clay synthesis methods, which in turn could help
make synthetic clay minerals with tuned chemical (composition) and physical (particle size,

crystallinity) properties more accessible for industrial applications.
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Mechanism and control of saponite synthesis from

a self-assembling nanocrystalline precursor

Roberts Blukis'*, Maria Schindler’, Thais Couasnon’, Liane G. Benning®

'German Research Center for Geosciences, GFZ, Telegrafenberg, 14473 Potsdam, Germany

S 1. Experimental details
S 1.1 Reagents and glassware used

All reagents used were of 98% or higher purity and were used as received. All solid reagents were
tested with XRD and/or IR and no significant impurities were detected. NaOH was determined to be 96%
pure by HCl titration. Water used for solutions and synthesis was purified by reverse osmosis to

resistivity of 18.2 MQ cm™ at 20 °C.

All synthesis procedures were performed in borosilicate round bottom flasks with two exceptions:
Sodium aluminate was prepared in a polypropylene beaker and synthesis of alkali treated saponite
(Section 2.2 (c) main text) was performed in perfluoroalkoxy alkane (PFA) flask. All solutions were
prepared and stored in glass volumetric flasks with the exception of the 5 M NaOH and 1.2 M Na,SiOs;
solutions that were prepared and stored in polypropylene flasks due to their high alkalinity. Stirring for
the heating steps was provided by a combination of teflon coated magnetic stirring bars and a magnetic

stirrer/hotplate in an oil bath. The exception was the synthesis of the alkali treated saponite, in which an



overhead stirrer with a teflon stirring shaft was used due to the poor wear resistance of the PFA flask
material. Any dropwise additions were performed at a rate of about 1-2 droplets per second using a
standard polyethylene Pasteur pipette (alkaline solutions) or glass Pasteur pipettes (all other solutions).
During saponite synthesis, temperature was monitored directly in the reaction mixture (see below S 1.2
step 2). Due to the corrosive environment during the aluminosilicate gel synthesis (see below S 1.2 step
1) only the oil heating bath temperature was monitored. Time to heat the reactions from room (22 °C)
to reaction (95-100 °C) temperature was about 10 minutes. pH of the reactions was measured using a
SenTix 62 pH electrode, calibrated using Hamilton DuraCal pH standards. All centrifugation steps were
performed by spinning the samples at 9000 revolutions per minute (7690 go) for 5 minutes in

polypropylene centrifugation tubes.

S 1.2 Detailed experimental procedure

Step 1: Aluminosilicate gel synthesis

Aqueous solutions of sodium hydroxide (12.6 mmol, 2.52 mL, 5 M) and aluminium chloride
(2.52 mmol, 2.52 mL, 1 M) were mixed until the initially formed white precipitate was dissolved.
The resulting solution was added dropwise to a sodium silicate solution (14.3 mmol, 11.9 mL,
1.2 M), while stirring rapidly. The resulting suspension was heated at 100 °C for 1h under reflux,
followed by the addition of water (43 mL) and cooling to room temperature. The resulting
suspension was termed “aluminosilicate gel” and was used in the next step without isolation.

Step 2: Saponite synthesis

A magnesium chloride (12.6 mmol, 60 mL, 0.21 M) solution (pH = 6) containing no or specific
additives (full details in Table S1), was added to the aluminosilicate gel suspension dropwise,

while stirring. The pH of the reaction mixture was then adjusted to the desired value (initial pH



of the mixture was =11.8 and was reduced to between pH 7 and 11; see pH initial, Table S1)
with 2 M HCI. The resulting mixture was heated to 95 °C and stirred at 95 °C for 72 hours (3
days) under reflux. Time at which the reaction temperature of 95 °C was reached was
considered the beginning of the reaction. The solid reaction products were separated by
centrifugation and washed with water (3 x 60 mL) by resuspension followed by centrifugation.
For reaction kinetic monitoring (see “Kinetics monitored” Table S1), 6 mL aliquots of the
solution were taken from the reaction mixture, quenched in cold water (25 mL), the pH
measured, and the solid reaction products separated by centrifugation and washed with water
(3 x 25 mL) by resuspension followed by centrifugation. The obtained white pastes were dried
in vacuum for 24 h (verified by IR). The resulting white material was ground in a powder in an
agate mortar for further analysis (IR, XRD, TEM).

S 1.3 pH monitoring and calculations

Initial reaction pH was measured after mixing of all reagents but before heating to 95 °C (pH
initial), as well as after completion of the reaction and cooling it to room temperature (pH
final). The pH of all aliquots was measured after quenching. For kinetic (time) monitored
reactions an average reaction pH was calculated as an empirical measure of OH" concentration
during the reaction. To do this, the measured pH was converted to [OH"], the area under the
[OH] versus time curve was integrated and the integral value was divided by time and
converted back to pH. As the [OH'] changes over time were not linear, the average pH is an
empirical measure of [OH’] during the reaction and cannot be used directly to calculate reaction

rates.



Table S1. Full list of reactions performed in this study, excluding the low concentration

experiments.

Synthesis Additives (concentrations given Kinetics pH pH Relative

name relative to the total reaction monitored | initial | final | crystallinity
volume)

Saponite No N/A N/A | N/A

precursor

Highly No =3, 8.58 | 2.61

crystalline then 7

saponite

Alkali-treated No N/A N/A | 2.77

saponite

Default 0.42 M urea; 0.105 M Imidazole Yes 7.47 842 |1.93

conditions®! | hydrochloride

Default 0.42 M urea; 0.105 M Imidazole No 6.74 8.36 |2.13

conditions? 2 | hydrochloride

No additives | - Yes 7.43 7.67 |0.17

pH 7

No additives | - No 7.52 6.70 | 0.29

pH 7 2@

No additives | - No 8.09 7.40 |0.71

pH 8

No additives | - Yes 8.45 7.28 | 0.93

pH9

No additives | - Yes 9.82 9.08 | 0.90

pH 10

No additives | - Yes 10.83 | 10.05 | 0.84

pH 11

Urea pH 7 0.42 M urea Yes 6.70 835 |21

UreapH?9 0.42 M urea Yes 8.85 9.51 |0.75




Acetate pH7 | 0.105 M sodium acetate No 6.83 597 |0.036
Acetate pH9 | 0.105 M sodium acetate No 8.88 7.72 | 1.6
Oxalate pH7 | 0.105 M sodium oxalate No 6.71 6.75 | 0.0
Oxalate pH9 | 0.105 M sodium oxalate No 8.87 8.1 1.0
Bicarbonate 0.105 M sodium bicarbonate No 6.52 6.75 |0.11
pH 7
Bicarbonate | 0.105 M sodium bicarbonate No 8.81 8.13 | 1.2
pH9
Histidine pH 7 | 0.105 M histidine hydrochloride | No 6.82 7.19 | 0.025
Histidine pH 9 | 0.105 M histidine hydrochloride | No 8.80 8.23 | 1.0
DABCOpH 7 | 0.105 M DABCO Yes 6.77 6.95 |0
DABCO pH9 | 0.105 M DABCO Yes 8.91 833 |14
En7 0.105 M Ethylenediamine Yes 6.84 7.42 | 0.094
En9 0.105 M Ethylenediamine Yes 8.96 9.00 | 1.4
Ammonia 7H | 0. 525 M Ammonium chloride Yes 6.85 7.15 |0.021
Ammonia 9H | 0. 525 M Ammonium chloride Yes 8.87 836 |1.2
Ammonia 7L | 0.105 M Ammonium chloride Yes 6.78 734 |0
Ammonia 9L | 0.105 M Ammonium chloride Yes 8.94 8.17 |0.51
Imidazole H7 | 0.42 M Imidazole hydrochloride | Yes 6.96 7.36 | 0.17
Imidazole L7 | 0.025 M Imidazole hydrochloride | Yes 6.87 7.15 | 0.048
Imidazole 9 0.105 M Imidazole hydrochloride | Yes 8.67 7.85 | 0.96
Ammonia 1 0.105 M Ammonium chloride No 9.00 7.46 |0.68
Ammonia 2 0.105 M Ammonium chloride, pH | No 6.60 7.57 |0.011
set before Mg?* addition
Ammonia 3 0.105 M Ammonium chloride No 7.69 6.92 | 0.25
Researcher1 | 0.42 M urea Yes 8.21 8.99 | 0.98
Researcher2 | 0.42 M urea Yes 8.31 8.75 | 1.75

2 Synthesis procedure adopted from Besselink et al. (2020).




S 2 Supporting experimental data
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Figure S1. A polygon representation of an ideal unit cell of saponite (modelled using VESTA 32).

A solid solution between Al3* and Si** exists in the tetrahedral layers. In realistic systems a

limited solid solution also exists in the octahedral layer between Mg?* and Al**.

S 2.1 Relative crystallinity and pH of kinetically monitored reactions

Below the relative crystallinities (Figure S2) and pH changes (Figure S3) of all kinetics

monitored saponite syntheses experiments are shown. A general trend of decreasing pH in the

syntheses where saponite of relative crystallinity of at least 0.3 was obtained could be

observed.



.
2.0 ol -4 - Default conditions
iee--—-® -@-Urea?

—— Ammonia 7L

—=— Ammonia 7H
—— Imidazole L7

2 157 A Imidazole H7

£ —+ DABCO 7

IS —— En7

2 —A— No additives 7

5 1.0 --®- Urea 9

2 —+— Ammonia 9L

% —=— Ammonia 9H

o —+— Imidazole 9
—— DABCO 9
—<— En9

—A— No additives 9
—A— No additives 10
—&— No additives 11

Figure S2. Relative crystallinity changes of kinetics monitored reactions. Green labelled
reactions were started at pH = 7, light blue at pH = 9, dark blue at pH = 10, purple at pH = 11
(see Table S1 for exact pH values). Dashed lines indicate reactions containing urea. Reactions
that were started at low initial pH, in general produced low crystallinity saponite, unless urea

was added.
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Figure S3. pH change over time of the kinetics monitored reactions. Green labelled reactions
were started at pH = 7, light blue at pH = 9, dark blue at pH = 10, purple at pH = 11 (see Table S1
for exact pH values). Dashed lines indicate reactions containing urea. The pH generally
decreases during all reactions, with the exception of reactions where urea was used as an

additive.

S 2.2 Supporting TEM data



NaOH treated
saponite

Figure S4. TEM images comparing “default conditions” (left), highly crystalline saponite (center)
and NaOH treated saponite (right). Bottom row shows higher resolution images indicating that
saponite sheets appear less dispersed in the alkali treated saponite compared to the highly
crystalline saponite (from which it was made). Selected area electron diffraction patterns are

shown in the insets and are consistent with the XRD data.

Highly crystalline saponite exhibited 512 stacked sheets of about 355 nm in length (estimate
based on observations of over 73 stacked sheets analysed in 24 different TEM images). On the
contrary, alkali treated saponite exhibited 842 stacked sheets of about 5020 nm in length

(here 6 stacks of sheets were analysed from 3 different TEM images).

S 2.3 Supporting LC-STEM data



A commercially available TEM liquid cell from Protochips Inc. consisting of two silicon E-chips
assembled on a Protochips sample holder was used for the in-situ observations of the highly
crystalline saponite product in the final reaction mixture. Each E-chip had a 550 um x 50 um
electron transparent window covered with a 50-nm-thick amorphous silicon nitride film. A 2-ul
drop of the highly crystalline saponite suspension was deposited onto the first E-chip. The
second E-chip was then placed over the 150 nm gold spacer of the former with their windows in
a cross-configuration. The drop of the suspension was hence confined between the two E-chips
in a volume defined by the thickness of the gold spacer. The lid of the holder tip resulting in a
vacuum-sealed liquid cell then closed the entire chamber. Vacuum check was performed prior
to observation in the TEM. The electron flux was calculated by dividing the beam current by the
surface area irradiated by the beam. Because of the outward bowing of the SiN membranes
under vacuum, the liquid thickness was not homogeneous in the liquid cell and was estimated
to be between 250 and 500 nm with 150 nm gold spacer®. The presence of aqueous solution
around the imaged solids was confirmed by oxygen signal seen in the EDS spectra of the liquid
cell in the surrounding medium (Figure S5, black spectrum). The EDS spectrum of the saponite
particles (Figure S5, grey spectrum) showed only very minor Mg and Al signals most probably
due to strong signal from the O and Si from the thick layer of water and the SiN electron
transparent membrane (however, see dry TEM EDS spectra Figure S6 below). The particles in
their native environment (aqueous synthesis solution) were composed of aggregates 1000-500
nm in size, very similar to what was observed in conventionally prepared (Figure 2 main

document and Figure S4) dry TEM samples. The LC-STEM images suggest that aggregation of

10



clay sheets is an intrinsic feature of the saponite when synthesised as described in this study

and are not an artefact of TEM sample preparation or analyses.
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Figure S5. LC-STEM images of two different particles of highly crystalline saponite after 72-
hour reaction imaged in their native synthesis solution. The images were acquired with a
continuous electron dose rate of 23.46 e~ A2 571, EDS spectra of the surrounding medium

(black) and of the particle (grey) are shown on the right.

S 2.4 Supporting conventional TEM-EDS data

TEM-EDS spectroscopy was performed of the saponite precursor and compared to the highly
crystalline saponite to confirm the magnesium rich nature of the saponite precursor relative to
the highly crystalline saponite (Figure S6). The data confirms that both phases contain the
elements required for saponite formation, however, the proportion of Mg and Na is higher and
the proportion of Al is lower in the saponite precursor compared to the highly crystalline

saponite.
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Figure S6. TEM-EDS spectra of the highly crystalline saponite and saponite precursor.

S 2.5 Supporting G(r) data sets

The G(r)s of the alkali treated saponite is very similar to that of the highly crystalline saponite
(Figure S7), indicating this treatment did not significantly affect the short-range ordering within
the sheets. The G(r) of the aluminosilicate gel starting material (after step 1 of the synthesis,
before the addition of Mg?*) is characterized by correlation peaks that decay to noise levels
over a shorter distance than 10 AL. Correlation peaks of the saponite precursor do not decay as
rapidly as in the aluminosilicate gel, indicating the degree of short-range order is higher in the
saponite precursor compared to the aluminosilicate gel. This is consistent with the
interpretation that the saponite precursor consists of saponite nuclei that are nanocrystalline

and that contain the short-range structural information of saponite.
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Figure S7. G(r)s of Highly crystalline saponite (red), saponite precursor (blue), alkali treated

saponite (green) and aluminosilicate gel starting material (black).

S 2.6 Supporting infrared spectroscopy (IR) data

The ATR-IR spectra shown in Figure S8 are presented without corrections and therefore may

not match the exact peak intensity and wavenumber values measured in transmission from

other studies*”.

There is a certain level of ambiguity in the assignment of IR absorption peaks in the region
below 900 cm™ of saponite and other sheet silicates. The biggest disagreement surrounds the
interpretation of the peak at 660 cm™ of saponite, here referred to as Mg-OH bending mode.
Depending on the literature source and interpretation, this band could also be assigned to Si-O-

Si bending 7, a vibration of silica tetrahedra rings 7 or a combination of these. Considering the

13



high number of probable vibrations that could be present in this region perhaps this peak
cannot be conclusively assigned without detailed theoretical calculations. Since the aim of this
study was not to provide a very accurate IR spectra interpretation, peak assignments from
available literature sources was used >#1°,

The IR spectra change with reaction time (Figure S8), however, the changes are subtle. The
most noticeable change, is the development of a Mg-OH bending mode peak at 660 cm™, which
appears over the course of the first 20-24 hours of the reaction. The other main bands are
those representing the asymmetric stretching vibrations of silicon or aluminium in tetrahedral
geometry (aluminosilicate tetrahedra) at ~ 1000 cm™, as well as the broad OH stretching band
at ~ 3000-3500 cm? corresponding to water in the clay sheet interlayer and the adsorbed
water. Water also gives rise to a peak corresponding to the water bending mode at 1640 cm™.
There are multiple peaks between 800 cm™ and 550 cm™ that correspond to various bending
modes of the aluminosilicate tetrahedra in the amorphous precursor. The partially visible band
at about 490 cm™ corresponds to Mg-O stretching and the Si-O-Si moiety oxygen atom rocking
mode. A more subtle feature is the peak at 3677 cm™ that appears towards the end of the

reaction and corresponds to the O-H bond stretching vibration in the MgO(OH) layer.
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Figure S8. Time series of IR spectra of the solids from the reaction aliquots and the final

product from the “Default conditions” (Tables 1, S1).

As the IR spectra were visually very similar and because there were no new, non-overlapping
or easily-fittable peaks changing during the time course of the reaction, principal component
analysis (PCA) was used to evaluate the IR data and compare it with the changes observed in
the XRD data (Figure 4 main document). The analyses revealed that the biggest change was
displayed by the second principal component (PC2, Figure S9). This figure exemplifies the
progress of the “Default conditions” synthesis reaction and demonstrates a very good
agreement between the relative crystallinities derived from the XRD patterns and the IR-PCA
PC2. However, no clear trend in the IR-PCA scores was observed during the development of the
very poorly crystalline saponite, despite the fact that the relative crystallinity still showed a

clear trend that appeared to match qualitative visual observations of the changes in the XRD
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patterns (Figure 4, main document). This supports the decision to use the relative crystallinity

as the primary measure by which the reaction progress was evaluated.
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Figure S9. Comparison of relative crystallinities calculated from the XRD patterns and the 2"

principal component (PC2) score of the PCA of the IR spectra from the kinetically monitored

saponite synthesis experiment “Default conditions”.

S 2.7 Supporting data from saponite synthesis experiments at low concentrations

To investigate concentration effects on the reaction products, the reaction procedure of the

synthesis “Default conditions” was modified by changing the amount of water added in the

dilution steps. In these experiments (Figure S10) adequate amounts of water were added to

both, the gel after the 1h heating step and to the Mg?* containing solution to achieve the

XRD Relative crystallinity

desired degree of dilution. For example, a concentration of 1 in Figure S10 corresponds to that

16



used in “Default conditions”. To achieve concentration of 0.5, both the aluminosilicate gel and
Mg?* solutions were diluted two times. Few reactions (purple crosses Figure $10) were
performed with double the concentration of aluminosilicate gel relative to the magnesium

chloride added (total reaction concentration measured with respect to Mg?*).

The data shows that the relative crystallinities of the reaction products (after 3-day synthesis)
did not show any conclusive trend in terms of crystallinity change (Figure S10). The biggest
change in relative crystallinity occurs during the first 12 hours of the reaction, although the
reactions involving urea showed slower changes. Here however, only the final product (after 72
hours) was monitored. Considering the maximal dilution factor was 40 (0.00521 M instead of
0.21 M Mg?*) and that the reaction takes minimum of =10 h to reach effective completion, it is
inconceivable that the reaction product’s crystallinity would not be adversely affected if the
overall saponite formation rate would be limited by a purely dissolved species (Mg?*, urea,
imidazole). This confirms the reaction rate is controlled by the dissolved aluminosilicate gel,
even at a dilution factor of 40. This further suggests, the reaction mixture is still saturated with
respect to the aluminosilicate gel and implies that only the concentration of Mg?*(aq) was
changed by the dilution. This confirms Mg?* is not involved in the rate determining step as has
been reported beforel. The effective concentration of the rate limiting component
(aluminosilicate gel) was not changed, in agreement with the reaction mechanism

interpretation provided in the main text.
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Figure S10. Relative crystallinity of the saponite formed after three days versus the

concentration of the reaction mixture relative to the “Default conditions” and a repeat

experiment “Default conditions 2” (see description above and Table S1).

S 3 Additional modelling data

S 3.1 Thermodynamic modelling

The thermodynamic modelling calculations show the reaction mixture was highly

oversaturated with respect to saponite. Brucite is comparatively a lot more soluble than

saponite, however, based on the calculations it is also supersaturated under the reaction

18



conditions. The calculations indicate that under the reaction conditions employed in this study

brucite precipitation should occur when the pH exceeds about 7.6.

Table S2. Saturation indexes (Sl) computed of the available variations of saponite and brucite

mineral phases at various pH and temperature from Geochemical Workbench implemented

with thermo.tdat database.

Mineral phase S1 (20 °C, pH 13) SI1(20°C, pH 9.8) | SI(100 °C, pH 13) SI (100 °C, pH 7.6)
Saponite-Na 23.3 23.8 16.8 23.1
Saponite-Mg 22.9 23.8 16.5 23.6

Saponite-H 20.3 21.9 139 21.9

Brucite 4.9 1.0 6.6 1.0

S 3.2 Kinetic modelling discussion

An intrinsic problem in studying the formation kinetics of saponite or any other clay minerals
is the difficulty in defining what the product of the reaction is at any point in time. Saponite as a
mineral is defined by both, its chemical composition as well as its structure, yet perfectly
crystalline saponite has so far not been obtained in a laboratory synthesis. Furthermore, the
experimental data obtained in this study and by other authors »* implies the saponite
structure follows a continuous evolution with increasing crystallinity. This makes it difficult to
guantify how far a reaction has progressed from the starting materials to the ‘final’ crystalline
saponite product. Reactions that produce a low crystallinity saponite (most of the ones started
at about pH 7) often did not show discernable (110) and (020) peaks. This indicates that the

final products obtained in these reactions was not the same as the more crystalline final
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product obtained in the reactions started at a higher pH. Therefore, the reactions cannot be

directly compared as neither the reaction conditions nor the products were the same.

Another set of difficulties encountered in modelling the reaction progress was the change in
reaction conditions, namely the variations in pH. OH" is stoichiometrically involved in saponite
formation as a reagent as well as a catalyst as it helps in achieving the dynamic equilibrium
between the aqueous and solid components of the aluminosilicate gel. However, as can be
seen in Figure S3, the reaction pH variations during the reactions were not smooth and
systematic and cannot be described with a simple equation. Finally, despite the results from
this and the previous studies that followed saponite formation processes'*?7%4, the elementary
steps involved in the saponite growth are still poorly understood. Combined with the fact that
the starting aluminosilicate gel cannot be considered a single chemical species as its reactivity is
certainly non-uniform®>~18, the derivation of an accurate model describing the formation of

saponite is highly challenging.

Therefore, it is not surprising that depending on the metric chosen to monitor the reaction
progress, different results can be obtained. To demonstrate this, the G(r) atom pair correlation
peaks measured and used to monitor the reaction progress by Besselink et al. (2020) have been
plotted and compared to the relative crystallinity of our solid from a reaction performed the
same way (Default conditions, Tables a, S1). Besselink et al. (2020) describes the saponite
formation as a 1%t order process and their data shows a reasonably good fit to this model.
However, a 0" order process can also be fit to the same data, with the quality of the fit being

very similar to that of a 15t order fit. Furthermore, both, 15t and 0% order fits were
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mathematically more appropriate to Na-O bond intensity data compared to Mg-O or Si-Oct-Si

intensity data (all derived from G(r)?'), see figure S11.

However, the biggest problem encountered in previous saponite synthesis studies is a
misunderstanding of the role of reagents and additives used. In Besselink et al. (2020) the OH"
that is required for saponite formation was produced by the decomposition of urea. Therefore,
the formation rate of saponite is limited by the rate of urea decomposition. Urea decomposes
in aqueous solution following a 1%t order rate law with an activation energy between 83 and 130
kJ/mol®2%, The activation energy of saponite formation has been determined? to be 100+9
kJ/mol, which is close to the middle of the range of the reported activation energies of urea
decomposition. Therefore, the usefulness of urea as an additive to study saponite formation
becomes questionable as it is impossible to distinguish if the activation energy and the reaction
progression trends measured are those of saponite formation or just those for urea

decomposition.
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Figure S11. Reaction progress monitoring data derived from G(r) analysis by Besselink et al.
(2020). 1%t and Ot order reaction fits to the Na-O distances to the Na-O distance data by
Besselink et al. (2020) are shown. Also added is the relative crystallinity of “Default conditions”,

effectively a replicate of the reaction performed by Besselink et al. (2020).

S 4. Additional information of the XRD data were processing and analysis

Cu-XRD patterns were measured both, with the samples in the sample holder, as well as of
the empty sample holder (background). The sample holder consists of two 20 um thick acetate
films between which the sample is supported. The majority of background counts were caused

by air scattering, not the acetate films. The intensity adjusted background scattering patterns
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were subtracted from the sample scattering patterns. The background intensity was adjusted
such that in the Q region Q = 0.8 — 1 Al after the background subtraction, the lowest intensity

value of the sample scattering pattern became zero.

Due to the very poor crystallinity of even the most crystalline saponite samples any form of
Rietveld refinement or other well-established quantitative analyses of crystalline samples were
not possible. Therefore, an empirical crystallinity determination method was devised. To
calculate the relative crystallinity, the background subtracted patterns were first boxcar
smoothed with a 3 degree 2*0 wide filter. The relative crystallinity was then calculated from
the ratio between the maximum value in Q range Q = 2.35 — 2.70 A"t and the minimum value in

the Q range Q = 2.05 — 2.35 A (Figure $12) according to the following equation:

Max.value(Q = (2.35;2.70))
Min.value(Q = (2.05; 2.35))

Relative crystallinity = —1 eq.S1

The relative crystallinity scales from 0 (fully amorphous) to in principle unlimited value
although in this study the highest relative crystallinity calculated was 2.77 for the alkali treated

saponite.
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Figure $12. Cropped XRD scattering pattern from a typical medium-crystallinity saponite sample
showing how the relative crystallinity could be empirically calculated by dividing “Peak =
maximum” and “Trough = minimum” of a peak. An attempt of a peak fitting using Gaussian and
Gaussian derivative functions is also shown. For this particular sample this fitting described the

pattern rather well, but such fits were not universally applicable to all samples.

This, empirical, assessment of the saponite crystallinity (Figure S12 eq. S1) was chosen as the
best approach to assess saponite crystallinity because it was the most self-consistent (Figure S9,
S12). Peak fitting of the saponite and the amorphous precursor produced mathematically
satisfactory descriptions of the patterns, however, the quantification data was inconsistent
across different reaction series and even samples within the same series. One possibility

considered variations in the amount of sample used in each diffraction experiment as the
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measurements were performed in a flat plate geometry. A highly consistent sample preparation
procedure did not resolve this, presumably due to different porosities of the dried samples (see
further information below sec. S 5.2). This was indirectly hinted at by the low density of the
saponite product obtained and the difficulties of observing significant scattering signals from
the saponite products when analyzed in a 0.5 mm diameter capillary. Normalization of the
scattering intensities also proved troublesome due to some peaks being very broad and there
being no Q regions in the Cu-XRD patterns that would be totally unaffected by nearby
scattering peaks that could be considered pure background. The main cause in difficulty
applying peak fitting methods to the Cu-XRD pattern analysis was, however, the complex shape
of the saponite scattering peaks that could not be accurately described by simple functions, and

good theoretical description of these peak shapes was not available.

S 5 Additional points of discussion

S 5.1 The effect of additives on saponite synthesis

It was found that organic additives or added bases have no significant effect on the reaction
progress or outcome when two reactions, differing only by the added organic compound or its
concentration, were compared (Figures S2, S3). This implies that coordination or chelation of
metal ions (Mg?*, AI**) do not change the rate limiting step of the reaction. Any templating
effects are also therefore insignificant and no notable differences between reaction products of
reactions featuring different or no additives where observed besides those that could be
correlated to different pH. It was found that the initial reaction rate was higher in reaction

“Urea 7” compared to “Default conditions”. These two reactions differed only by the addition
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of an imidazole hydrochloride buffer to the reaction “Default conditions”. This difference exists
because the “buffer” acts as a weak acid and consumes OH" ions formed by hydrolysis of
ammonia as the urea decomposes. This slows down the beginning of the reaction by keeping
the pH low. However, the imidazole hydrochloride is consumed during the first hour of the
reaction and from that point onwards the reaction proceeds similarly as in its absence. The
addition of a weak acid, like imidazole hydrochloride or similar, delays the growth of saponite
sufficiently long that the reaction mixture can be heated to the reaction temperature of 95 °C
before the reaction actually begins. This effect only works if urea is used as an OH" source. This
approach was used by Besselink et al. (2020) who used histidine hydrochloride as a buffer. The
low histidine hydrochloride concentration relative to that of urea (3.5 mmol of histidine
hydrochloride vs 42 mmol of urea), negated the effect of the first few mmol of urea
decomposing. If NaOH is used to achieve the desired initial pH, the weak acid is instantaneously
consumed as acid-base proton exchange is one of the fastest reactions in an aqueous solution.
This makes such additives unnecessary. The use of urea as an additive obscures the true

reaction progression (see sec S 3.2 above).

S 5.2 Discussion of experimental errors and error analysis

Random errors in the relative crystallinity evaluation were estimated to be no more than £10
%. Random errors in each pH measurement were estimated to be no larger than 0.2 pH units.
Both were estimated by observing variations in the relative crystallinity and pH variations
(Figures S2, S3) and assuming the variations of both parameters should be smooth. The errors

were considered to be 150 % of the largest observed deviation from a smooth trend.
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The conditions at which the aluminosilicate gel synthesis was performed (Supporting
information 1.2 step 1) were highly alkaline. After dilution with water, before the Mg?* solution
addition, the pH was =12.6. At such highly alkaline conditions at 100 °C, the glass of the reaction
vessels (borosilicate glass 3-necked round bottom flasks) can slowly dissolve and be
incorporated into the reaction mixture. This was indeed observed as after prolonged and
repeated use the glass gained a corroded appearance. The dissolved glass contributes to the
final saponite material as it slightly alters the Si:Al ratio (intended to be 6.8:1.2). Despite the
fact that the overall composition of the final saponite could be slightly affected this change in

Si:Al ratios, this does not impact the overall formation mechanism of saponite.

There are some experimental parameters that are extremely difficult, if not impossible, to
guantify. One of the most important ones here is the reagent mixing rate. This is important as
the saponite nucleation is very rapid and this significantly impacts the crystallinity of the final
product. A significant source of uncertainty was the control over the homogeneity of the
aluminosilicate gel. This gel was a suspension (settles on a timescale of tens of minutes).
However, during the 1 h reaction time under reflux, it often developed a ring of a solid material
around the glass-water-air interface. It is unknown if this seemingly denser agglomeration of
solid had the same properties as the solid gel particles in suspension. The segregation of this
material seemed to be affected by the stirring rate and the size of the flask relative to the
volume of the liquid. Slower stirring rates and higher liquid volume fractions minimized, though

not eliminated, this phase segregation.

Furthermore, considering the heterogeneous nature of the aluminosilicate gel, the rate and

extent at which any added chemicals (Mg?*, urea, organic additives) equilibrates with the gel
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particles cannot be estimated. An indication that equilibration with the suspension may be a
problem was indicated by a very slow rate at which the pH equilibrated, when setting the

reaction’s starting pH with HCl or NaOH, which is very atypical for a simple acid-base exchange.

The random uncertainties in each experiment were tested by two replicate experiments of
the “Urea 9” experiment (Table S1). These two experiments were performed at the same time
by two different researchers using the same reagent stock solutions (Figures S13, S14 and S15).
Although the initial pH was set at room temperature to within 0.02 pH units of the desired
value of pH 9, after heating to reaction temperature of 95 °C the first aliquot (1% data point)
had pH values of 8.21, 8.31 and 8.85 for researcher 2, researcher 1 and “Urea 9” respectively.
This variation it is the likely source of the discrepancy in the final relative crystallinities of 0.75,
0.98 and 1.75 for the “Urea 9”, researcher 1 and researcher 2 respectively. This follows the
expected trend of higher final relative crystallinity resulting from lower initial pH if urea is
added to the reaction mixture. However, the causes behind such different pH evolution during
heating of a very similar reaction setup from room to reaction temperature over a very similar

time interval were not discovered.
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Figure S14. Cu-XRD patterns of saponite synthesis (replicate of “Urea 9”) time series performed

by Researcher 2.
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Figure S15. Relative crystallinity of two replicates of “Urea 9” performed by two Researchers
working side by side in the same lab performing the same reaction and using the same

reagents. The replicate date is compared to the original reaction “Urea 9”.

The macroscale properties of the saponite samples were not fully understood during this
study. The yield of the solid material obtained after the drying of the centrifuged and washed
material was always about 100% if the ideal formula Na1.2(Al1.2Sis.s)Mge020(0OH)a (s) was used.
Due to the variable hydration water content in the formed saponite, the mass obtained was
always higher than the ideal formula mass of saponite. However, the volume of the mortar

ground powder differed significantly between different syntheses with no clear pattern. It was
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observed though that the product of high relative crystallinity was much easier to grind and

turn into a powder using a mortar and pestle compared to the syntheses that yielded low

relative crystallinity saponite or a pure aluminosilicate gel. However, the alkali treated saponite

was the most difficult sample to grind and resembled glass. The controls of these mechanical

properties of the samples were not understood.
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