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ABSTRACT

Smectites are 2:1 type swelling clay minerals widely distributed in the Earth’s crust.
The unique structures and properties endow them with various applications in many
fields. However, their growth process and mechanism are still not completely
understood. In this study, we tried to understand this growth process and pattern from
the perspective of crystal-chemistry and morphology. Smectites were synthesized by
hydrothermal treatment of starting materials at 220°C under autogenous pressure from
0.25 to 30 days. The starting materials were obtained from mixtures of Mg- and Ni-
smectite precursors synthesized at 150°C for 1 day with identical molar weight. The
starting materials, as well as further synthesized samples, are identified as smectite,
saponite type, by X-ray diffraction analysis (XRD), and Fourier-transform infrared
(FTIR) spectroscopy. The FTIR spectra of the starting material exhibited the vYMg;OH
and vNi3OH bands only. After the hydrothermal treatment (220°C) of the starting
materials, the vYMgNiOH and vNixMgOH bands appear and relatively increase with
the prolonged treatment, indicating the appearance of Mg-Ni neighbouring in the
octahedral sheet of saponite, and thus the crystallization of newly formed saponite
with mixed composition. Argon adsorption and STEM results are consistent and
indicate that the mean particle size of the synthesized saponites increases for the short
duration and tends to remain stagnant from 14 days to 30 days. The evolution of the
Mg and Ni distribution and of the particle size from argon adsorption and STEM
imply the following: (1) the distribution of the octahedral cations tends to be random;
(i1) the combination of argon adsorption and STEM offers powerful evidence for the
increase of particle size; (iii) crystal growth proceeds via a lateral extension of the
layers by surface-controlled growth. The experimental results indicate the viability
and effectiveness of coupling FTIR, argon adsorption and STEM in illuminating the
crystal-chemistry and morphology at the early stage of the crystal growth process of

smectite.
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INTRODUCTION

Smectite, which is ubiquitous on earth’s crust, has attracted many attentions because their
chemic-physical nature endows them with various applications in many fields'. Their formation
processes not only affect their usage but also respond to geochemistry environment>*. Smectite
formation is a complicated process related to transformation and growth. Smectite from the
alteration of other minerals has been extensively studied *>7. However, there are limited reports
about growth mechanisms of smectites. So far, abundant studies have poured intention into clay

minerals formation, in which crystal-growth related are generally focused on minerals such as
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micas®, illite and illite/smectite’!!, kaolinite other than smectite. In the laboratory, the
synthesis approach is advantageous to study the crystal growth of clay minerals and overcome
the fact that the early-stage growth of natural clay minerals cannot reappear. However,
publications dedicated to the synthesis of smectite mainly focused on composition or

)12 16 and rarely

morphology with respect to synthesis conditions (temperature, pressure, pH, etc.
with respect to the crystal-growth issue!’. Thus, only a few studies dealing with smectite crystal
growth are available once illite and illite/smectite are excluded* !”. Unlike other clay minerals
with large crystal size in tridimensional (3D) directions, smectite layers are separated by the
hydrated and swelling interlayers, which precludes their 3D growth. In other words, the crystal
growth of smectite proceeds merely by lateral extension of the layers, unlike the other clay
minerals mentioned above that grow simultaneously in ab and c¢ directions. Moreover, the
specific properties of smectite, like crumpled sheets, small particle size, expansibility and
flexibility'® 1°, increase the difficulty in measuring their growth features. Therefore, it was

necessary to explore new perspectives that enable to overcome these limitations to investigate

the crystal growth of smectite.

The objective of this study was to explore the growth mechanism of smectites by using the
parameters of crystal-chemistry and morphology. A series of trioctahedral smectites (saponites)
were synthesized by hydrothermal treatment of starting materials, which included an equal ratio
of two end-members saponite precursors (i.e., a pure Mg-saponite precursor and a pure Ni-
saponite precursor), from several hours to 1 month. The crystal-chemistry which is mainly
regarded as chemical composition and ions distribution in the crystal structure?® was studied by

X-ray diffraction (XRD) and Fourier Transform Infrared (FTIR) spectroscopy and the



morphology related to particle shape and size by argon adsorption and scanning transmission
electron microscopy (STEM).

Structurally, smectite consists basically of two Si-O tetrahedral sheets with isomorphous
substitutions of AI**, or Fe*" for Si*" and one octahedral sheet with substitutions of various
cations (e.g., Ni>" and Li") for AI**/Mg?*/Fe** !. Saponite is typical tri-octahedral smectite with
tetrahedral charge. Normally, its octahedral sites are occupied by some divalent cations. The
given ideal structural formula is expressed as homogeneous Nax[SisxAlx][M3]O10(OH)2-nH>0,
where M corresponds to divalent cations, x is the fraction of aluminium present in the tetrahedral
sheet (generally 0.3<x<0.6), Na is the interlayer cation compensating the tetrahedral charge and
n is the number of interlayer water molecules?!**. In the octahedral sheet, each OH group is
linked to three neighbouring M atoms, which allows to systematically investigate the crystal-
chemistry of saponite. Indeed, FTIR spectroscopy is available to characterize octahedral cations
of smectite, due to the possibility of recognizing the cationic environment of their OH groups via
specific OH stretching vibration (vVOH) 2% 2>28_ The relative absorbance of the vOH bands was
used here to determine the variations of cations distribution associated with the crystal growth

process of smectites.

The growth process is also necessarily accompanied by changes in morphology that encompass
particle size and crystal shape. Coupling with the direct measurement of particle size by STEM,
high resolution, low-pressure argon adsorption has been used to assess surface morphology of
clay minerals'#2°3!, This enables the simultaneous investigations of all the clay mineral particles
that contain basal and edge surfaces and gives an accurate determination of mean basal and edge
surface areas®’. This method has contributed to obtaining shape and mean size of smectite
particles, such as saponite’®, montmorillonite’* 3>, The recent study of argon adsorption on
synthetic nontronite reported that crystal growth brings about variations on mean particle sizes,

which means that argon adsorption can be used to studying the growing process of smectite!”.
METHODS

Powder XRD patterns were obtained from a Bruker D8 advance diffractometer (CuKa radiation,
40 kV and 40 mA) over the range 2-65° (20) with 0.025° (20) step size and 0.6 s per step. The
patterns of the oriented samples and glycolated samples were collected over the range 2-50° (26)

with 0.025° (20) step size and 0.6 s per step.



A Magna-IR 6700 Nicolet spectrometer was used for MIR spectra over the range 400-4000 cm™,
with an EverGlo source, a Csl beam splitter, a DTGS-Csl detector and a resolution of 4 cm™
with co-additions of 100 scans. MIR spectra were obtained in transmission through KBr pellets,
prepared with 1 mg of sample and 150 mg of KBr salt. The mixture was pressed for 5 min at 8
kbar and dried overnight in an oven at 150 °C. Spectral manipulations were performed using the
OMNIC software package. To measure the octahedral cations distribution in the synthesized
saponites, decomposition and curve-fitting have been used to obtain the integrated intensities (S)
of the different OH-stretching bands®® 2 %', The S of the bands is proportional to the
concentration of absorbing centres of the given OH type assuming that the absorption
coefficients are constant for all metal OH stretching vibration bands?® 26, The deconvolution of
the stretching vibrations of structural-OH was undertaken using a Gauss—Lorentz cross-product
function applied by the PEAKFIT software package. The positions and areas of peaks were
obtained until the squared correlation coefficients r2 > 0.995. The S of each decomposed band in
each sample was also calculated using Peakfit software. The degree of random distribution of
octahedral cations in octahedral sheet of the synthesized saponites (R) was measured by the ratio
of the S of the bands involving Mg and Ni neighbouring such as Rgr) = (SYM@2NiOH +
SvNi2MgOH) / (SyMgzOH + SyM@2NiOH + SvNi2MgOH + SvNizOH). When the same number
of Mg and Ni randomly distribute in three vacancies around structural-OH, the corresponding
theoretical ratio is 12.5% for MgzOH and 12.5% for NisOH, 37.5% for Mg2NiOH and 37.5% for
Ni2MgOH, thus Rtheory) equals 75%.

Scanning transmission electron microscopy (STEM) observations were performed to study the
morphology of ab direction of saponite particle. Less than 1 mg sample was soaked in 10 ml
deionized water with slightly stirring for one week to obtain a dilute colloid. Specimens were
prepared by dispersing the colloid in 40 ml ethanol and ultrasonically treating them for 30 min.
A drop of the resultant suspension was placed on a porous carbon film supported by a copper
grid, after which the water and ethanol were evaporated. STEM images were carried out using a
FEI Talos F200S high-resolution transmission electron microscope operated at 200 kV. Crystal
size distribution (CSD) of the crystal length and width were measured using calibrated STEM
images and Nanomeasure software. The number of crystal particles measured was 957 for 150-
220-14d and 738 for 150-220-30d. A schematic measurement was shown in Figure SI.

Parameter o describes the mean of the natural logarithms of the observations w (length or width)



and equals a = Y.(Inw)f (w) and B? *®describes the variance of the natural logarithms of the

observations w and equals B2 = Y[In(w) — a]*f(w).

The experimental procedure for high-resolution and low-pressure argon adsorption and the
derivative isotherm summation (DIS) methods were designed by Michot et al. (1990)*" and
Villiéras et al. (1992, 1997) 2°%, This method allows the study of surface heterogeneity of solids
under appropriate conditions. In the case of phyllosilicates, it has been demonstrated that such
adsorption experiments, coupled with a careful analysis of experimental adsorption isotherms,
enable a derivation of a shape factor, i.e., edge and basal surface areas'® 2% 3032 33,3839 Tpg
quasi-equilibrium technique is based on the adsorbate introduction with a slow, constant, and
continuous flow rate through a micro leak®’. The flow rate was kept constant, at least up to the
BET domain, and was controlled by the pressure imposed before the leak. If the introduction rate
is low enough, the measured pressures can be considered quasi-equilibrium pressures. Then,
from the recording of quasi-equilibrium pressures (in the range of 10— 3x10* Pa) as a function
of time, the adsorption isotherm was derived. From the recording of quasi-equilibrium pressure
as a function of time, high-resolution adsorption isotherms with more than 2000 data points were
obtained for filling the first monolayer. Due to a large number of experimental data points, the
experimental derivative of the adsorbed quantity can be calculated as a function of the logarithm
of relative pressure, In(P/P0), which corresponds to the free energy of adsorption expressed in kT
or RT units'* 2% %, The total derivative adsorption isotherm on a heterogeneous surface can be
simulated by using concepts describing adsorption phenomena on heterogeneous surfaces and
DIS procedure. The DIS fitting procedure has been described extensively by Villiéras et al.
(1992, 1997) 230 and, for swelling clays, by Tournassat et and al. (2003)3* and Perronnet et al.
(2007) %. For each local isotherm, the following parameters are obtained: w, the lateral
interaction between two neighbouring adsorbed molecules, In(P/P0), the position of the peak,
and Vm, the monolayer capacity.

MATERIALS
1. Synthesis and characterization of saponite precursors

Two saponite precursors were synthesized using a co-precipitated gel as starting material. The
co-precipitated gel of  theoretical and homogeneous  composition Na*os
[Siz7Al0.3][M3]O10(OH)2-nH20) (M= Mg, Ni) was obtained by mixing solutions of sodium



silicate, Al chloride and Mg or Ni chloride*® ', After precipitation, the gel was collected by
filtration and gently washed with deionized water to remove sodium chloride. Then the wet gel
was transferred to a polytetrafluoroethylene-lined autoclave and hydrothermally heated at 150°C
for 1 day under equilibrium vapour pressure (~1Mpa, pH~9-10). The obtained smectite
precursors were washed by filtration then dried at 45°C for 1 week and named as P-Mg150 and
P-Ni150. Powder XRD patterns of the Ni and Mg precursors display characteristic reflections of
poorly crystallized trioctahedral smectite with the (06,33) diffraction bands at 1.53A and
asymmetric (hk) bands as generally observed for short time and/or low-temperature
experiments*? (Figure 1). The precursors synthesized at 150°C are poorly crystallized with
unresolved (001) reflection due to very few stacked layers “3. But the TOT-like layered structure
with specific dissymmetric (hk) bands is recognizable*?. The infrared spectra of the synthetic
precursors are similar to those found in the literature for trioctahedral 2:1 clay minerals® 4
(Figure 2). The band at 3648 cm™ in Mg smectite precursor (Figure 2a) and at 3629 cm™ in Ni
smectite precursor (Figure 2b) is assigned vMgsOH and vNisOH, respectively. The Al occupancy
of synthetic saponites has been delicately studied in a previous paper®°, the results indicate that
Al prefer to occupy tetrahedral sites more than octahedral sites and only a little Al in the
octahedral sheets whatever the original amount of Al. For the present system, the amount of
Al(VI) is estimated to be near 0.03%. Therefore, the two P-Mg150 and P-Ni150 precursors are
poorly crystallized Mg-saponite (Na*os [SiszAlo3]"V[Mgs]V'010(OH)2-nH,0) and Ni-saponites
(Na*o3 [Siz.7Alo3]"V[Nis]V'O10(OH)2-nH20), respectively.

2. Synthesis of saponites

The starting material was prepared by mixing the identical molar weight of Mg and Ni-saponite
precursors as follows: the mixture of 0.11g of Na*os [Sis7Alo3]"[Mgs]V'010(OH). (P-Mg150)
and 0.14g Na*o3 [Sis7Alo3]"V[Nis]V'0O10(OH)2 (P-Ni150) was added to 30 ml of deionized water
with continuous stirring and kept at room temperature for 1 day for dispersion and mix. After
that, the mixture and solution were transferred to a polytetrafluoroethylene-lined autoclave and
heated at 220°C for different hydrothermal treatment times from 0.25 days to 30 days. The
obtained samples were washed by filtration, dried at 45°C for 1 week, and named as 150-220-t (t,
the hydrothermal time of synthesis samples). For comparison, a gel of mixed Mg-Ni composition

Na*0.3:[Siz.7Alo3][Mg1.5Ni15]O10-nH20 was also prepared by coprecipitation using the same



reactants in stoichiometric amount and was hydrothermally treated at 220°C for 14 days, and

then studied as the other synthesized samples. The obtained samples were named gel-220-14d.
RESULTS
1. XRD patterns

The XRD patterns of the oriented samples display the characteristic behaviour of Na-smectite
with a basal spacing d(00l) at ~ 12.4 A increasing to 17.2 A after ethylene glycol (EG)
intercalation*® (Figure 3). As the synthesis time increases, the (001) reflection becomes narrower,
giving evidence that the layer stacking order increased*® (Figure 3). The EG samples exhibit
rational 00l reflections, confirming the periodic structure of smectite without any interstratified
talc-like layers.

2. FTIR spectra

In clay minerals, the OH stretching vibrations are affected by the nature of the octahedral cations
to which the hydroxyl groups are coordinated. For the saponite synthesized here, up to four OH
stretching vibrations can be distinguished if Mg?* is partially replaced by another divalent cation
Ni%*. This corresponds to the four possible combinations of two different cations within the three
octahedral sites that are directly linked to a hydroxyl group, i.e., MgsOH, Mg>NiOH, MgNi.OH,
NizOH (Figure 4). Then, the evolution of the relative absorbance of the vibration bands due to
these OH groups is used to detect the variation of Ni and Mg distributions in the octahedral sheet
of the saponite with the time of synthesis?® 212846 The FTIR spectra in the OH-stretching region
of the synthesized saponites vary a lot with synthesis time (Figure 5). For the starting material
(150-220-0d), the vMgsOH (3675 cm™) and vNisOH (3628 cm™) bands are dominant. A shoulder
at 3648 cm™ due to vMgNi2OH is also observed, giving evidence of some already existing
neighbouring Mg-Ni in saponite probably formed during the 1 day at room temperature mixing
step. The vMgzOH and vNizOH bands remain dominant for the shortest synthesis times, but their
relative absorbance decreased when synthesis time increased. Concomitantly, the absorbance of
the vMg2NiOH (3663cm™) and the vMgNi.OH (3648 cm™) bands relatively increases. From 3
days, no more significant changes in the IR spectra is observed with the increase of synthesis

time.

3. Low-pressure argon adsorption isotherms



All derivative isothermals of low-pressure argon adsorption are presented in Figure 6a along
with the illustration of the DIS fitting results (Figure 6b). Adsorption energy distributions can
reveal the classical features of smectites. All the derivative isotherms of synthesized samples
exhibit the same feature with the of the peak around In(p/p0)~-5, corresponding to the adsorption
on the basal surfaces. The shoulder at a higher energy at around In(p/p0)=6.5-7.5 is due to the
adsorption on edge faces. These features are very similar to previous studies of argon adsorption
on smectitest’-343° The derivative adsorption isotherms of the two samples 0d and 0.75d reveal
that the peaks at In(p/p0)=6.5-7.5 are not well resolved (Figure 6a), indicating that the samples
have less heterogeneous surfaces and they are poorly crystallized. For the sample with 3 days
hydrothermal treatment, the peak at In(p/p®)=6.5-7.5 appears, suggesting the crystallization of a
complete structure of smectite!” 4. The derivative adsorption isotherm could be fitted by using
the DIS procedure with five characteristic adsorption domains®® ** 3° (Figure 6b). Similar fitting
parameters were used for all samples (Table S1). The two peaks (In(p/p0)=-5 and In(p/p0)=6.5-

7.5) are regarded as determining criteria to give assignments of DIS fitting results.

According to the reported results, the derivative isotherms of our samples could be modelled
with three high-energy domains (domain 1-3, Table S1) and two low-energy domains (domains
4-5, Table S1), which are attributed to the adsorption on the edge surface and the basal surface
respectively. As shown in Figure S1, according to the adsorbed volume of argon, the basal
surface area (BSA), edge surface area (ESA), and total surface area (TSA) are calculated on the
basis of the adsorbed volume of argon (Figure 7a) and a 13.8A? cross-sectional area for each
adsorbed argon molecule. The measured TSA of the initial sample (0d) is 429m?/g, and ESA and
BSA by DIS procedure are 99 and 330 m?/g, respectively. For sample 3d, TSA, ESA and BSA
are 176, 51 and 124m?/g, respectively, exhibiting a significant decrease with comparison to the
value of the initial sample (0d). Then surface areas decrease less prominently with synthesis time
to 14 days (TSA 136, ESA 33 and BSA 102m?/g) and no obvious change can be observed
between the samples 14 and 30 days (Figure 7a). Considering a smectite particle as a circular
disk®, the mean characteristic height (H) and diameter (D) of a particle can be calculated from
the BSA and ESA by the equations:

H=2/BSA-p 1)

And



D=4/ESA-p (2)
Where p is the density (2.4g/cm?®, according to the structural formula).

The H and D data develop significantly negative correlation with TSA, ESA and BSA from the
beginning of synthesis to 14 days, then reach an apparent steady-state from 14 days to 30 days.
The starting material (0d) has H and D of about 2.5 £ 0.2 and 17 = 1 nm, respectively. From 0 to
3 days, H increases to ~6 nm, then increases more slowly to ~9 nm. D also increases with
synthesis time until the mean size achieves 40-50 nm (Figure 7b). The increase of D value

indicates the growth of smectite particles at least from 0 to 14 days.
4. STEM observations

STEM images of the samples clearly display prominent morphological evolution with increasing
synthesis time (Figure 8). The particles of sample 150-220-0d are as small as 5-20 nm with
shapeless morphology, which indicates the mean particle diameter ~17nm measured from argon
adsorption is reliable. The particles are difficult to disperse into detached single crystallites and
form aggregates along the blurred edge area (Figure 8a). As the synthesis time increases, the
morphology evolved dramatically. In the case of 3 days, small particles with a diameter around
10 nm diameter remain but particles with larger size (50 nm to 100 nm diameter) appear.
Meanwhile, the mean diameter measured from argon adsorption is 33 nm for the 3 days sample,
suggesting that numerous particles are below 33 nm in size (Figure 8d). After 14 days’
hydrothermal treatment, particles less than 10 nm are scarcely observed, while particles
approaching 150 nm appear, which is consistent with the mean diameter ~49 nm measured by
argon adsorption (150-220-14d) (Figure 8e). Some euhedral elongated particles of intermediary
size are also observed. For the sample after 30 days’ hydrothermal treatment, no significant

changes are observed compared to the 14 days sample (Figure 8f).

The CSD of length and width of the saponite particles from STEM for samples 14 days and 30
days were plotted in histograms in Figure 9. The four sets of experimental points can be well
fitted using lognormal curves with theoretical lognormal ones because the y? test indicates that
the significance level of all distributions exceeding 20%*. The theoretical lognormal curves
calculated from the crystal-size distribution data describe the size distribution profiles. The mean
length and width of the smectite particles, along with the parameters a and B2 % are listed in
Table 1.

10



The mean length and width from STEM images, o and p? parameters are very similar for these
two samples (150-220-14d and 150-220-30d), and the mean size from STEM are almost
consistent with mean diameter from argon adsorption (Table 1). CSD and corresponding reduced
profiles collected from STEM images for samples 150-220-14d and 150-220-30d are shown in

Figure 9 and Figure S2, respectively. All of them displayed an asymmetrical lognormal shape.
DISCUSSION
1. Evolution of the crystal-chemistry of the saponite particles

The occurrence of vMg2NiOH and vMgNi2OH in FTIR spectra reveals that the Mg and Ni atoms
locate at the neighbouring octahedral sites in the octahedral sheet of the synthesized saponites.
The starting material was a mixture of pure Mg- and Ni- saponite precursors, the occurrence of
neighbouring Mg and Ni in the synthesized saponite implies the dissolution of precursors and
recrystallization of a neoformed Ni-Mg mixed saponite. The precursors and further
hydrothermally synthesized samples are all saponites that possess the same TOT structure and
tetrahedral cations but different location or distribution of octahedral cations. Thus, the evolution
of the random distribution of octahedral cations in the octahedral sheet of synthetic saponites
(Rqr)) records the dissolution-recrystallization processes (Table 2). The decomposition examples

to obtain Rqry) are shown in Figure 10.

The spectrum obtained from the gel-220-14d saponite sample, synthesized from a Ni-Mg co-
precipitate for comparison, is assumed to be a reference for random distribution of the octahedral
cations. The Rgr) measured for this gel-220-14d sample is 62% (Table 2) and is less than the
theoretically Rneoryy 75% for a totally random distribution of a 1.5Mg-1.5Ni octahedral sheet.
This deviation is probably due to inevitable imprecision of the decomposition when applied to
such smectite. Indeed, the contribution of residual interlayer water generates a band in this region
in FTIR spectra of smectite*®, and the tetrahedral charge induces a splitting of the OH-stretching
bands of saponite when using KBr pellets®. For a mean tetrahedral charge of 0.3 per half unit
cell, the contribution of the second bands due to perturbed structural OH is probably small®°, but
makes the results of decomposition with four bands as done here, approximately. Then, even if
the existence of some Ni-Mg segregation cannot be totally excluded, the Rgry measured for the

sample gel-220-14d rather probably corresponds to the total random distribution of Mg and Ni in

11



the octahedral sheets in the synthesized saponite. The R(r) for the sample 150-220-14d is lower
than that of sample gel-220-14d, suggesting an incompletely random distribution of Ni and Mg
in sample 150-220-14d. This lower Rgry means that some starting materials remain in the sample
150-220-14d. Rr) clearly increases with the hydrothermal treatment time up to 55% but less
than 62% (Table 2), suggesting the incomplete dissolution-recrystallization of saponite

precursors.
2. Lateral crystal growth

In the initial stage of hydrothermal treatment, the diameter of particles in (a,b) plane is much
larger than their height in the same sample (Figure 7b). From literature'® 5154 two processes may
control the crystal growth in the c* direction of phyllosilicates, i.e., layer nucleation on the (001)
face or continuous incorporation of atoms or ‘building blocks’ on a spiral step originating from a
screw dislocation emerging on the (001) surface. Such phenomena have been observed in many
kinds of phyllosilicates, such as spiral growth on (001) surface of phlogopite®, illite>,
rectorite®, kaolinite'®, and mixed-layer mica-smectite®>. Two-dimensional nucleation was
observed on the (001) growth surfaces of sudoite®®, which produced an increase in the number of
stacking layers. However, these 3D growth mechanisms are probably not valid for smectite.
Indeed, interlayer hydration of smectite probably precludes their 3D growth®®. The particle
thickness measured by argon adsorption results to the stacking of layers of saponite in dry
condition (argon-adsorption experimental condition) and its increase with time is unable to
correspond to an actual growth along c* direction. The crystal growth process is mainly
dominated by the lateral extension of the synthesized saponite layers. The PBCs theory of
Hartman (1973) was suggested by Meunier (2006) to be applicable to clay minerals®’, which
implied a crystal growth process of clay minerals essentially bi-dimensional within the (001)
plane. This two-dimensional growth was observed from nontronite synthesized in a closed
hydrothermal system, as well as present saponite!’. However, the detailed growth processes of
synthetic nontronite were not described, notably due to the lack of STEM data. Here, it is
possible to give some evidence of the growth in (a,b) plane according to the results of crystal-

chemistry and morphology.

3. Crystal growth process

12



To date, there is no experimental study directly concerning the smectite layers growth in (a, b)
plane. The closest studies are the rare reports about natural smectite growth* and extensively
publications concerning the 3D growth of natural illite and illite/smectite® %8, In this study, it is
the first time that the smectite growth in (a, b) plane is recorded and elucidated by using
appropriate methods (clay minerals synthesis, FTIR, STEM and Argon adsorption). The crystal-
chemistry evolution recorded from structural OH comprehensively demonstrates an incomplete
dissolution-recrystallization of precursors after 30 days’ hydrothermal treatment at 220°C and
the morphology features outlined from argon adsorption and STEM indicate the growth of
saponite crystals in a Kinetic process. Saponite growth experiments were conducted in a sealed
hydrothermal system at 220°C, thus, when the precursors formed at 150°C exposed to 220°C
fluid, solid-solution reactions tend to take place to reduce the free energy of the whole system.
Dissolution and recrystallization are the principles of driving mechanisms for all re-equilibration
reactions in the presence of a fluid phase®. The neoformed saponite particles are the products of

re-equilibration reactions of the hydrothermal system.

From 0 day to 14 days, the dissolution rate of precursors increases (Figure 11), simultaneously,
the mean crystal size increases (Figure 7b) and small particles continuously disappear (Figure 8)
with increasing time, illustrating the evolution of crystal-chemistry and morphology in the
continuous growth process (Figure 11). Moreover, BSA and ESA from argon adsorption were
based on the surface energy heterogeneity. Hence, the evolution of TSA (BSA+ESA) not only
reflects the variation of particle size and morphology but also the trend of variation of total
surface energy in this system. The initial rapid decline of TSA (Figure 7a) is the inevitable result
of the growth of smaller particles (which have a larger specific surface free energy). All these
phenomena result from the ripening process when precursors, formed at a lower temperature, are
suddenly exposed to an environment with higher temperature®®. From 14 days to 30 days, the
mean diameter, length and width of crystal particles seem to be in a steady-state (Tablel, Figure
7b). Correspondingly, the shape of the CSD (Figure 9), o and B? parameters from crystal length
and width are virtually constant with time increasing (Table 1). Interestingly, there is a slight
increase in Rqr)y during this period, suggesting that the ripening does not cease. During this
period, the ripening of saponite becomes so slow so that the evolutionary process can be detected

by Rqr) only instead of particle size.

Crystal growth mechanisms and their effects on CSD have been simulated by Eberl et al. (1998).
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Because CSD of mineral has distinctive shapes related to the mineral’s crystal-growth history, it
offers possibilities to deduce the growth processes from measured CSD¢. The smectite CSD
may thus have interesting implications in inferring their growth processes. Based on Eberl et al.
(1998)’s simulations, the shape of the CSD (Figure 9) and the reduced CSD (Figure S2) profiles
obtained for our samples are indicative of random ripening in closed systems or surface-
controlled growth in open systems®. These authors defined an open system as a system in which
matter is supplied to the growing crystals by a source other than the growing phase, while they
defined a closed system as a system where a single phase is involved, the less stable crystals
dissolving for other crystals to grow. Following this definition, the experimental system studied
here is an open system where the growing crystals refer to the Mg-Ni saponite and supplied
matter derives from Mg- and Ni-saponite precursors. Consequently, the evolutionary mechanism
of saponite in the present system is surface-controlled growth. The a and B? values measured for
the synthesized saponite, when plotted on the Eberl et al. (1998) diagram, confirm the growth
mechanism of synthetic saponite as surface-controlled growth (Figure 12). Theoretically,
surface-controlled growth proceeds through the incorporation of growth species adsorbed on the
growth surface into the crystal structure, when the diffusion of the growth species from the
source to the growth surface is sufficiently rapid, i.e., the concentration of growth species on the
surface is the same as that in the source®®. In the present case, saponite layer extension is
controlled by edge surface-controlled growth, and the growth rate of newly formed Mg-Ni
saponite could be limited by the concentration of growth species from precursors. This
concentration of growth species is affected by the dissolution rate of precursors. Comparing to
the theoretical open system simulated by Eberl et al. (1998), the present experiment is conducted
on an experimental sealed system with temperature and pressure. In such systems, surface free
energy then tends toward a minimum by the dissolution of small particles and the growth of large
particles as matter is transferred from the former to the latter through the solution. As a result,
the small particles gradually disappear and the mean crystallite size increases, at last, the level of
supersaturation in the solution decreases®? ®2. These can be supported by the trend of TSA and
particle size (Figure 7, 8). Thus, the growth species could derive from the precursors with small
particle size. The rapid growth in the initial period may benefit from the high concentration of
growth species resulting from the rapid dissolution of small particles of precursors (Figure 11).

As the ripening proceeds, the growth rate slows down gradually due to the lower amount of
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available growth species or decreased free energy.

The metastable intermediates can transform into the next stable species according to non-
classical crystal growth like nanoparticle attachment®. This non-classical crystal growth in
solution is a widespread phenomenon in geochemical, biomineral, and synthetic material
systems®. Theoretically, in the present system, the particle attachment can easily occur to
eliminate the defects and free energy through the rearrangement in the contact area of precursors,
especially in a nanoparticle reaction processes®®. Notably, the Ni-Mg neighbouring is observed in
the starting material (1 day at room temperature) (Figure 5) and mixed OH (Rr)) slightly rises
but the mean particle size dramatically increases from 3 days to 14 days (Figure 11). These could
be the evidence that saponites grow accompanying by the particle attachment along the edge
faces. Indeed, agglomeration may occur together simultaneously with ripening but may be
imperceptible by CSD models®®. As a result, some disharmonic particles observed on STEM
images (Figure 8) could issue from solid attachment. Some euhedral elongated particles (Figure

8) may be related to the homogeneous nucleation®®.
4. Comparison with previous studies

Chiristidis (2001) has used the CSD models of (Eberl et al., (1998)% to investigate the growth
mechanisms of smectite in bentonite in natural system* The results indicated smectite
experienced supply-controlled crystal growth in an open system or random ripening in a closed
system. This previous publication was based on natural crystal particles with large size (several
hundred nanometers) in a natural system, which could provide important reference to the
morphology feature but may lack in studying on small particle size (few ten nanometers as in this
study) smectite in the early stage of growth and their crystal-chemistry evolution in the growth
history. In present system, it is difficult to obtain the CSD and corresponding parameters of small
particle samples within 3 days. Thus, CSD was merely successfully applied to estimate the state

of the system from 14 days to 30 days, failing to establish an integral process of saponite growth.

Although these rare publications about smectite growth which are confined to theoretical
speculations or natural systems offer valuable references to present study, they lack
comprehensive analysis on the evolution of chemistry, structure and morphology, and rate of
crystal growth. The present study used the amount of M-OH (M=Mg, Ni) to estimate the
neighbouring Mg and Ni in the octahedral sheet, morphology to estimate the size of the basal
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plane and TEM images to directly observe particle shapes and count CSD models. The crystal-
chemistry and morphology on real time scale were recorded which infer the main growth
mechanism of the synthetic saponites as surface-controlled growth. This approach also works for
analyzing the growth processes of other minerals especially in an experimental system that could
not be observed directly. Using these analyses in parallel should be important and unique in
developing the argument in geochemistry and material sciences. Moreover, not only morphology
can reverse the growth history, but crystal-chemistry also reflects the growth processes and
geological environment. Comprehensively considering all the evolution factors could be of high

significance in the explorations of geochemical, biomineral, and synthetic material systems.
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Figure 1. Powder XRD patterns of synthesized saponite precursors, a: Mg-saponite precursor
synthesized at 150 °C (p-Mg150), b: Ni-saponite precursor synthesized at 150 °C (p-Ni150).
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Figure 2. Structural OH stretching vibration region of the MIR spectra of synthetic saponite
precursors, a: p-Mg150, b: p-Ni150.
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Figure 3. XRD patterns of oriented preparation of synthetic samples, black solid line: air-dry
state and red shot dot: glycolated state.
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Figure 5. Structural OH stretching vibration region of the MIR spectra of synthetic samples.
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Figure 8. STEM images of synthesized samples, a: 150-220-0d, b: 150-220-0.75d, c: 150-220-
1d, d: 150-220-3d, e: 150-220-14d and f: 150-220-30d.
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Figure 9. Crystal Size Distribution (CSD) of saponite crystal length and width from 150-220-

14d and 150-220-30d. The red solid lines correspond to calculated lognormal distributions.
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TABLE

Table 1. Mean values of length and width of the saponite crystals from STEM and the mean
crystal diameter of saponite from argon adsorption. a and p? are the mean and variance of the
natural logarithms of the observations, respectively.

Mean crystal size Mean particle size (Argon

2
(TEM) * b adsorption)
Sample
Length Width Length Width Length Width Diameter (nm)
(nm) (nm)
152;12(120_ 47.60 30.95 3.66 3.28 0.399 0.299 49.29+3.94
15262(120_ 46.95 34.92 3.68 3.41 0.391 0.288 44.51+3.56
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Table 2. The ratio (R) of mixed OH of saponite samples, Rqr) from experimental MIR spectra
and Rteory) from the theoretically total random distribution of Mg and Ni.

Series Gel-220 150-220

Times (days) 14 0 025 05 075 1 3 14 30

Rar) 62% 20% 26% 31% 30% 36% 45% 48% 55%

R(theory) 75%

Note: the same number of Mg and Ni randomly distribute in three vacancies around structural-
OH, the corresponding ratio are 12.5% for MgsOH, 37.5% for Mg2NiOH, 37.5% for NiMgOH
and 12.5% for NizOH. Rtheory): 37.5%+37.5%=75%.
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