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Abstract

Smectite growth is of importance across various fields due to its abundance on the surface of both Earth and Mars. However, the impact of the
crystallinity of initial materials on smectite growth processes remains poorly understood. In this study, the kinetic processes of smectite growth
were examined via experimental synthesis of trioctahedral Mg-Ni saponites. Mg-Ni saponites were synthesized using mixed precursors,
specifically end-member Mg-saponite and Ni-saponite, which exhibit different crystallinities. The crystal chemistry and morphology of
samples were analyzed using X-ray diffraction, Fourier-transform infrared spectroscopy, and high-angle annular dark-field scanning
transmission electron microscopy. The experimental results converge towards these main conclusions: (i) the formation of Mg-Ni saponite
solid solutions are promoted when the precursors are small particles, whereas large-particle precursors limit their own dissolution and do not
yield Mg-Ni saponite solid solutions under the experimental conditions; (ii) because Ni exhibits a greater stability within the saponite structure
compared to Mg, the Mg-Ni-saponite solid solutions formed more easily from the mixture of Ni-saponite germs and well-crystallized Mg-
saponite precursors than from the mixture of Mg-saponite germs and well-crystallized Ni-saponite precursors; (iii) the dissolution extent
(DE) of precursor mixtures increases with longer synthesis time, higher synthesis temperature, and larger gap between synthesis temperature of
precursors and of samples, and stabilizes once it reaches a certain value. Thus DE can be used to estimate the kinetics of Mg-Ni saponite
crystallization from precursor mixtures. These results obtained from the experimental Mg-Ni saponite system are useful for predicting the
evolution processes of smectite in natural systems.
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Introduction substantial information regarding paleoclimate changes (Carter
et al., 2013; Ehlmann et al., 2013; Ehlmann et al., 2014; Michalski
et al,, 2015). Although smectite has attracted significant attention,
its formation and growth processes are not well understood, and
this limits our ability to infer the environment of clay formation.
Smectite synthesis in the laboratory with a controlled crystal
chemistry enables the observation of the initial stages of smectite
formation, which is scarcely observed in nature (Kloprogge et al.,
1999; Zhang et al., 2010; Petit et al. 2017). Saponite is an easily
synthesized trioctahedral smectite, and thus it is an ideal substance
to explore the initial growth of smectite. Previous studies have
reported that poorly ordered saponite can be obtained at low
temperature and hours. Decarreau (1980, 1985) and Couty et al.
(1981) demonstrated that the solid, formed at room temperature
through the direct precipitation of Si and Mg salts, consisted of

Smectites have been studied across various topics such as material
synthesis, environmental impact, and Martian surface evolution
(Schoonheydt, 2002; Ehlmann et al., 2014; Ferrage, 2016; Besselink
et al, 2020; Blukis et al., 2022). These clay minerals exhibit a wide
range of compositions; different cations can occupy the tetrahedral
sites (e.g. Si*", AI’*, and Fe’*), octahedral sites (e.g. AI’*, Fe’*, Fe**,
Mg**,Ni**, Zn>", and Li*), and interlayer space (e.g. Na*, K*, Ca*",
and Mg*") (e.g. Warren et al., 1992; Hover et al., 1999; Yamada
et al., 1999; Brigatti and Galdn, 2013). Thus different smectites
occur extensively in natural systems and are indicative of the
environments where they formed. For example, Mg-Ni smectite
appears in the lateritic profile as an abundant ore mineral (Gaudin
et al., 2004; Butt and Cluzel, 2013; Fritsch et al., 2016; Mano et al.,

2019). The Fe-Mg smectite on the surface of Mars contains
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smectite germs (embryos of saponite crystals), associated within
pseudo particles. Blukis et al. (2022) observed an instantaneous
saponite nucleation at room temperature during the synthesis of
Mg-saponite. They concluded that the saponite precursor, obtained
through direct precipitation of Si, Al, and Mg salts, is very likely
equivalent to the ‘clay nuclei’ as described by Decarreau (1980) in the
stevensite and hectorite systems. Additionally, Besselink et al. (2020)
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synthesized Mg-saponite at 95°C by reacting an amorphous (Si-Al)
gel with MgCl,, and saponite crystals emerged within a few hours.
Literature shows that Mg-Ni saponite solid solutions were obtained
in the range 25-500°C in a few weeks, indicating that they are much
more stable than the mechanical mixture of end-members
Ni-saponite and Mg-saponite (Decarreau, 1985; Zhang et al., 2021).

In this work, the Mg-Ni saponite (trioctahedral smectite) system
was chosen because Mg and Ni saponites are easily synthesized
(e.g. Zhang et al,, 2020; Zhang et al., 2021; Zhang et al., 2022).
Indeed, Ni** and Mg** have close ionic radii (0.69 and 0.72 A,
respectively), but different atomic mass of Mg (24.3 u) and Ni
(58.7 u), which are valuable when performing crystal-chemistry
analyses such as high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) (Zhang et al.,
2020; Zhang et al., 2021) and Fourier-transform infrared (FTIR)
spectroscopy. Recording the stretching vibration of the structural
OH using FTIR allows for systematic investigation of the octahedral
cation distribution, because each structural OH group is linked to
three neighboring M atoms (M being Mg and Ni in this case)
(e.g. Petit et al., 2004; Petit and Madejova, 2013).

The Mg-Ni saponite system has been used to investigate the
crystal growth of smectites (Zhang et al., 2020; Zhang et al., 2021;
Zhang et al.,, 2022). Zhang et al. (2020) synthesized Mg-Ni saponites
by hydrothermal treatment of Mg- and Ni-saponite precursors
synthesized at 150°C, conducted at 220°C under autogenous
pressure for durations ranging from 0.25 to 30 days. Those
authors found that the cation distribution within Mg-Ni
saponites tends to be random as the particle size increases and
reaches a steady state after 15 days. Subsequently, Zhang et al.
(2021) explored the formation conditions of Mg-Ni saponite
from the mixture of various end-member saponites when the
synthesis temperature increases. The results indicated that the
formation of Mg-Ni smectite solid solutions is related to the
temperature gap between the precursors and the synthesis, and
the nature of the precursors. Based on previous studies, Zhang et al.
(2022) examined the growth mechanisms of Mg-Ni saponite
particles. The particle-size distribution suggests that Mg-Ni
saponite  grows mainly by dissolution-recrystallization,
accompanied by particle attachment. Nevertheless, many
questions remain, such as how the crystallinity of precursors
affects the growth of Mg-Ni saponite. In this study, we examined
the growth kinetics of Mg-Ni saponite from different precursors
that have different crystallinities, and further discuss the factors that
control the formation of Mg-Ni saponite.

Materials and methods
Synthesis of Mg- and Ni-saponite precursors

Mg- and Ni-saponite precursors were prepared through hydrothermal
treatment of a co-precipitated gel with a theoretical Si:Al:Mg (or Ni)
molar ratio of 3.7:0.3:3 according to the procedure described by Zhang
et al. (2021), with hydrothermal treatment at RT (room temperature,
25°C), 150°C, and 220°C, respectively, for 24 h. The precursors, named
as pMgx and pNix (where x is temperature in °C), were obtained after
filtration of the hydrothermal products and dried at 45°C. The Al
occupancy of synthetic saponites has been studied in a previous study
(He et al, 2014); the results indicate that Al prefers to occupy
tetrahedral sites rather than octahedral sites, and there is only a little
Al in the octahedral sheets, irrespective of the original amount of
Al For the present system, the amount of Al(VI) is estimated to be
near 0.03, which is negligible. Note that the precursors synthesized at

https://doi.org/10.1017/cmn.2024.29 Published online by Cambridge University Press

Chaoqun Zhang et al.

25°C are composed of saponite germs exhibiting a short-range ordered
structure, which predominantly appears with amorphous-like nature
under X-ray diffraction (XRD) analysis (Couty et al., 1981; Besselink
etal,, 2020). In this work, all precursors are assumed to consist solely of
Mg- or Ni-saponite nanocrystals. Due to the small size of the saponite,
Si-OH occurs on the edge of layers (Couty et al., 1981). Their structural
formula can then be expressed as Nag;[Si;;Aljs] [M**3]1040.c
(OH),. 2 Where M represents Mg or Ni, and & denotes the quantity
of edge hydroxyl groups (OH). The value of € decreases as the crystal
size increases.

Synthesis of Mg-Ni saponites

The starting material was prepared by mixing an identical molar
quantity of Mg- and Ni-saponite precursors (i.e. 0.11 g of pMgx and
0.14 g pNix) in different combinations (pMgl50 and pNil50,
pMg220 and pNi220, pMg220 and pNi25, and pNi220 and pMg25).

The mixture of precursors was added to 30 mL of deionized
water and stirred continuously at room temperature for
1 day. Suspensions of precursors were transferred to a
polytetrafluoroethylene-lined autoclave and heated at 150 or
220°C for a period of 14-90 days. Four series of samples were
obtained, ie. Series (pMgl50+pNil50)150, Series (pMg220
+pNi220)220, Series (pMg220+pNi25)220, and Series (pNi220
+pMg25)220. The obtained samples were washed by filtration
and named (pMgx+pNiy)T-t, where x and y are the temperature
of precursor formation; and T'and ¢ are the synthesis temperature
and the synthesis time of samples, respectively (see sample name
in Tables 1-3). For example, (pMgl50+pNil50)150-¢ refers to
the Mg-saponite precursor, initially synthesized hydrothermally
at 150°C, combined in a 1:1 molar ratio with the Ni-saponite
precursor synthesized at 150°C, and subsequently aged
hydrothermally at 150°C for t days. Samples with =0 days,
were obtained by filtration of the mixtures of precursors after
1 day of stirring at room temperature. All samples were dried at
45°C. The expected structural formula of the bulk end of synthesis
saponite is Nag 3[Si3 7Alg 3] [Ni; 5 Mg;.5]010(OH)s.

Methods

Powder XRD patterns were obtained on a Bruker D8 advance
diffractometer (CuKoa radiation, 40 kV and 40 mA) over the
range of 2—-65°26 with a 0.025°280 step size and 0.6 s per step. The
mean size of coherent diffracting domains in the plane of layers, i.e.
Crystal Size Dimension (CSD), was measured from the (06,33)
reflection using the Scherrer equation (Table 1).

Inductively coupled plasma-optical emission spectroscopy
(Thermo Fisher Scientific iCAP 7400 series ICP-OES) was used
to determine the elemental composition of the experimental
solutions after the hydrothermal treatment. Ten milliliters of
solution was diluted in 2 wt.% HNO; to measure aqueous
concentrations (Si, Mg, Ni, and Al) in the linear range of the
calibration curves. The partition coefficient Dnimg=
(Ni/Mg)solia/ (Ni/Mg)1iquia Was estimated based on the solution
chemistry after synthesis (Decarreau, 1985) (see results in
Table 2).

Mid-infrared (MIR) spectra were obtained using a Nicolet
6700 FT-IR spectrometer equipped with an Ever-Glo source, a
KBr beam splitter, and a DTGS-KBr detector. MIR spectra
resulted from the average of 100 scans acquired in transmission
mode over the 400-4000 cm ™' range with a resolution of 4 cm™".
KBr pellets were prepared with 1 mg of sample and 150 mg of


https://doi.org/10.1017/cmn.2024.29

Clays and Clay Minerals

Table 1. Crystal size dimension (CSD, A) in the ab plane of saponite samples from the (06,33) reflection using the Scherrer equation

Series Samples CSD CSD pMgx CSD pNix CSD mean*

(pPMg150+pNi150)150 (pPMg150+pNi150)150-0d 57 54 62 58
(pPMg150+pNi150)150-14d 82
(pPMg150+pNi150)150-30d 101

(pPMg220+pNi220)220 (pPMg220+pNi220)220-0d 121 119 125 122
(pPMg220+pNi220)220-30d 121
(pMg220+pNi220)220-90d 129

(pNi220+pMg25)220 (pNi220+pMg25)220-0d 113 24 125 {75)
(pNi220+pMg25)220-60d 151

(pMg220+pNi25)220 (pNi25+pMg220)220-0d 101 119 31 75
(pNi25+Mg220)220-60d 151

*CSD mean=1/2(CSD pMgx+CSD pNix).

Table 2. Chemical composition of experimental solutions after hydrothermal treatment and Ni/Mg partition coefficient between saponite and solution (logDy;.ug;

see text for details)

Solution chemistry (ppm)

Series Samples Si Mg Ni Al pH; pHs logDni-mg
(pPMg150+pNi150)150 (pPMg150+pNi150)150-0d 7.764 3.002 0.003 0.157 8.24 8.24 3.38
(pMg150+pNi150)150-14d 7.189 3.612 0.002 0.173 8.24 8.18 3.64
(pMg150+pNi150)150-30d 5.666 2.234 0.005 0.232 8.23 8.15 3.03
(pPMg220+pNi220)220 (pPMg220+pNi220)220-0d 8.060 1.882 0.007 0.269 8.59 8.59
(pMg220+pNi220)220-30d 21.614 1.390 0.002 0.198 8.59 7.50
(pMg220+pNi220)220-90d 10.260 0.713 0.007 0.094 8.61 9.79
(PNi220+pMg25)220 (pNi220+pMg25)220-0d 7.491 94.109 0.002 0.139 8.78 8.78
(pNi220+pMg25)220-60d 12.260 7.653 0.001 0.124 8.78 8.17
(PMg220+pNi25)220 (PMg220+pNi25)220-0d 11.699 3.598 0.297 0.069 8.10 8.10 1.46
(pMg220+pNi25)220-60d 11.611 15.001 0.003 0.090 8.10 7.74 4.08

pH; and pHs correspond to the pH of solution at the beginning of hydrothermal treatment and the pH of solution after hydrothermal treatment, respectively.

KBr salt. The mixture was pressed for 5 min at 8 kbar and dried
overnight in an oven at 120°C. Spectral manipulations were
performed using the OMNIC software package. Before fitting
the structural OH, a baseline between 3600 and 3700 cm™' was
created to largely exclude the influence of water. The experimental
spectra were iteratively fitted using the Gauss—Lorentz cross-
product function by varying the width and shape of four
structural OH stretching vibrations (Mg;OH, Mg,NiOH,
Ni,MgOH, Ni;OH) until the squared correlation coefficients
r*>0.995, as described in Zhang et al. (2020, 2021) and shown in
Fig. 3. Then, the band positions and areas were extracted.
The relative area R, is an indicator of cation mixing in the
trioctahedral-like sheets. The Rr) was measured by the ratio of
the area of the bands involving Mg and Ni neighbors, i.e. Rqr)=
[(SYMg,NiOH+SyNi,MgOH)]/[(SvMg;OH-+SyMg,NiOH-+SyNi,M-
gOH+SvNi;OH)], where S refers the integral area of each band. The
Mg and Ni are equimolar in each sample, so for a random distribution
of cations in trioctahedral sites around structural-OH, the theoretical
ratio of bands Mg;OH/Mg,NiOH/Ni,MgOH/Ni;OH is 0.125/
0.375/0.375/0.125, giViI’lg R(theory)=0-75~ The R(IR)/R(theory):O
corresponds to the mechanical mixture of Mg-saponite and
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Ni-saponite; while R(r)/Rtheory) close to 1 is indicative of a
total transformation of Mg- and Ni-saponite into Mg-Ni
saponite solid solution. The ratio Rg)/R(tneoryy=precursor
dissolution extent (DE) can be used to estimate the level of
reaction between the precursors (Zhang et al., 2021) (see
Table 3). DE of ~0.8 stands for a total dissolution of precursors
and recrystallization of Mg-Ni saponite (Zhang et al., 2021). To
convert relative areas to occupancies and DE, we assume that the
extinction coefficients of the four bands are identical, a common
assumption for phyllosilicates (e.g. Petit et al., 2004).
High-angle annular dark-field scanning transmission
electron microscopy (HAADEF-STEM) observations were
performed to investigate the morphology in the ab direction of
the saponite particles. One milligram of sample was soaked in 10
mL of deionized water with slight stirring for 1 week to obtain a
dilute colloidal suspension. Specimens were prepared by
dispersing the colloidal suspension in 40 mL of ethanol and
ultrasonically treating for 10 min. A drop of the resultant
suspension was placed on a porous carbon film supported by a
copper grid, and the water and ethanol were then evaporated.
STEM images were obtained using a FEI Talos F200S high-


https://doi.org/10.1017/cmn.2024.29

Table 3. Degree of random distribution of octahedral cations (R(g) and
precursor dissolution extent (DE) (see text) for all synthetic Mg-Ni saponites and
their corresponding precursors

Series Samples Rr) DE
(pPMg150+pNi150)150 (pPMg150+pNi150)150-0d ~0.13 ~0.17
(pMg150+pNi150)150-14d 0.25 0.33
(pMg150+pNi150)150-30d 0.31 0.41
(PMg220+pNi220)220 (PMg220+pNi220)220-0d ~0.00 ~0.00
(PMg220+pNi220)220-30d ~0.00 ~0.00
(pMg220+pNi220)220-90d ~0.00 ~0.00
(pNi220+pMg25)220 (pNi220+pMg25)220-0d ~0.00 =
(pNi220+pMg25)220-60d ~0.00 —
(PMg220+pNi25)220 (pNi25+pMg220)220-0d ~0.00 ~0.00
(pNi25+Mg220)220-60d 0.36 0.48

resolution transmission electron microscope (HRTEM) operated
at 200 kV. The energy dispersive X-ray spectra (EDXS) were
acquired in HAADF-STEM mode to analyze the chemical
composition of the samples.

Results
XRD data

For all series of the synthetic samples, their powder XRD patterns
(Fig. 1) display characteristic reflections of tri-octahedral
Na-smectite with the (001) reflection at ~1.25 nm, the (06,33)
band at 0.153 nm and asymmetric (hk) bands (e.g. Brown, 1980).
The (001) reflection gradually becomes sharper and narrower with
synthesis time increasing, corresponding to an increase of the
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stacking layers in saponite particles. For samples (pMgl50
+pNil50)150-0d and (pMg220+pNi220)220-0d, the measured
crystal size dimensions (CSD) are equivalent to the CSD mean of
the mechanically mixed Mg- and Ni-saponite precursors that are
obtained at the same temperature (Fig. 1a,b; Table 1) (Zhang et al.,
2021). For samples (pMg220+pNi25)220-0d and (pNi220+pMg25)
220-0d, the measured CSD is closer to the CSD of the well-
crystallized precursors, pMg220 and pNi220, respectively (Fig. 1c,
d; Table 1). Except for the Series (pMg220+pNi220)220, an increase
in crystallinity in the layer plane is observed in all other series with
synthesis time increasing (Table 1).

FTIR data

The four structural OH, i.e. Mg;OH, Mg,NiOH, MgNi,OH, and
Ni;OH, which correspond to the four possible combinations of
octahedral cations around each OH, exhibit stretching vibrations
at 3675, 3663, 3648, and 3628 cm ', respectively (e.g. Petit and
Madejova, 2013). Series (pMgl50+pNil50)150, 0d-sample,
exhibits the dominant vMg;OH and vNi;OH bands, consistent
with the mechanical mixture of pNil50 and pMgl50 precursors
(Fig. 2a). With increase in synthesis time, four expected OH-
stretching vibrations occur, with a prominent intensity increase
of the vyMg,NiOH and vMgNi,OH bands. For Series (pMg220
+pNi220)220 (Fig. 2b), only the two vMg;OH and vNi;OH bands
are observed in all samples whatever the synthesis time.

A shoulder at 3648 cm™" attributed to vMgNi,OH vibration is
also observed in both (pMgl50+pNil50)150-0d and (pMg220
+pNi220)220-0d samples, due to small numbers of neighboring
Mg-Ni cations in the octahedral sheet, formed during the 1-day
mixing step of precursors at room temperature (Zhang et al., 2020).

The sample (pNi220+pMg25)220-0d (Fig. 2c) displays a
broad band due to Mg;OH and a narrow and sharp vNi;OH
band. Conversely, a broad band due to vNi;OH and a narrow and
sharp vMg;OH band are observed for the sample (pMg220

(PMg150+pNi150)150 a (pPMg220+pNi220)220 b
001
3 02,11 _ 13,20 06,33 :
s : . 33 8
= 30d >
2 2
o 14d o
E £ 30d
od
W
10 20 30 40 50 60 10 20 30 40 50 60
20(CuKa) 20(CuKa)
(PNi220+pMg25)220 c (PMg220+pNi25)220 d
- <001
o 001 e
2 02,11 13,20 06,33 =
2 60d 2
g I
= k=
N\ e A
10 20 30 40 50 60 10 20 30 40 50 60
26(CuKa) 26(CuKa)

Figure 1. Powder XRD patterns of synthetic saponites. (a) Series (pMg150+pNi150)150; (b) Series (pMg220+pNi220)220; (c) Series (pNi220+pMg25)220; (d) Series (pMg220+pNi25)220.
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Figure 2. Structural OH-stretching vibration region of the FTIR spectra of synthetic samples. (a) Series (pMg150+pNi150)150; (b) Series (pMg220+pNi220)220; (c) Series (pNi220

+pMg25)220; (d) Series (pMg220+pNi25)220.

+pNi25)220-0d (Fig. 2d). The broadening of the vM;OH bands
of pM25 (M being Mg or Ni) precursors are associated with their
faulty structure (Table 1). The observed spectra for the 0d
samples accord well with the mechanical mixture of the
precursors with different crystallinity (Zhang et al., 2021). For
Series (pNi220+pMg25)220, the vMg;OH shoulder becomes
narrow and sharp for the 60-day sample, whereas the vNi;OH
band does not vary significantly (Fig. 2c). In this sample, the lack
of vMgNi,OH and vMg,NiOH bands suggests a mixture of pure
Ni-saponite and Mg-saponite particles. In sample (pMg220
+pNi25)220-60d, the four OH-stretching vibrations are
observed (Fig. 2d). The broad shoulders observed in the
3710 cm™' regions are probably attributed to the exchange of
Na from smectite by K from KBr used for pellet preparation
(Pelletier et al., 1999), and its contribution to the analysis of the
relative band areas is considered negligible. All the structural OH
regions (3600-3700 cm™!) were fitted to calculate Rqry (Fig. 3).

STEM results

Samples of Series (pMg150+pNil50)150 (Fig. 4a,b) are difficult
to disperse into recognizable separate particles compared with
those of Series (pMg220+pNi220)220 (Fig. 4c,d). Sample
(pMgl150+pNil50)150-0d consists of aggregates of 5-20 nm
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Figure 3. Decomposition of the MIR spectra in the vOH region, sample (pMg220+pNi25)
220-60d as an example.

small particles with shapeless morphology (Fig. 4a). After
30 days of synthesis, the particles with a size of >50 nm are
widespread, but many blurry aggregates still exist (Fig. 4b).
For Series (pMg220+pNi220)220 (Fig. 4c,d), there is no


https://doi.org/10.1017/cmn.2024.29

(pMg150+pNi150)150-0d

(pMgI150-+pNi150)150-30d

— oy
d (pMg220+pNi220)220-90d

Figure 4. HAADF-STEM images of synthetic saponites in Series 150-150 and 220-220.
Samples: (a) (pMgl50+pNi150)150-0d; (b) (pMgl50+pNil50)150-30d; (c) (pMg220
+pNi220)220-0d; (d) (pPMg220+pNi220)220-90d.

noticeable change in particle size and morphology between
0- and 90-day samples, and a particle size of 10-120 nm is
clearly observed.

The precursors pMg25 and pNi25 did not disperse well, and
shapeless particles (<50 nm) are observed (Fig. 5a,d). Most
particles in pNi220 (Fig. 5b) are rounded and homogeneous

Chaoqun Zhang et al.

with a size of 10-50 nm; few are larger than 50 nm and exhibit
sub-hexagonal facies. Although pMg220 and pNi220 have similar
particle size (Fig. 5b,e), pMg220 has more elongated layers
compared with pNi220. In the sample (pNi220+pMg25)220-
60d, the majority of particles surpass 30 nm, with several
extending up to 120 nm (Fig. 5c). Conversely, in the (pMg220
+pNi25)220-60d sample, particles range from 10 to 150 nm
(Fig. 5f), with a notable proportion exceeding 50 nm. Saponite
layers with dark inner and brightness rims are widespread in
sample (pMg220+pNi25)220-60d (Fig. 6a,d). The EDX results
indicate that the dark interior consists of Mg-rich saponite units,
whereas the brighter rim consists Mg- and Ni-rich saponite units
(Fig. 6b,c,e,f).

Solution chemistry

The evolution of the initial pH (pH;, the pH of solution at
the beginning of hydrothermal treatment), final pH (pHjy, the
pH of solution after hydrothermal treatment), and aqueous
concentrations of Si, Mg, Ni, and Al are presented in Table 2.
For 0-day samples, pH; is similar to pHy. For other syntheses, the
pH; values are smaller than pH; values, except for sample
pMg220+pNi220)220-90d, for which the high pH¢ value
probably resulted from water escaping during the longest
period of hydrothermal treatment. Compared with pH;, lower
pHe is related to OH group consumption during the dissolution
of precursors and the recrystallization of hydroxylated minerals
(Decarreau, 1985). The higher Mg concentration for sample
(pNi220+pMg25)220-0d and higher Ni concentration for
(pMg220+pNi25)220-0d sample are attributed to the fast
dissolution of pMg25 and pNi25 during the first day of stirring
at room temperature, respectively. Considering the volume of
fluid and the element concentration in solution, the chemical
composition of the synthesized samples are probably very close

C (pNi220+pMg25)220-60d

Figure 5. HAADF-STEM images of synthetic saponites and their corresponding precursors: pMg25 (a) and pNi220 (b) are the precursors of sample (pNi220+pMg25)220-60d (c); pNi25

(d) and pMg220 (e) are the precursors of sample (pMg220+pNi25)220-60d (f).
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to the theoretical composition expected for the saponite
(Nag 3[Si37Aly 3] [Ni; 5 Mgl.s]olo(OH)2)~

Discussion
Crystal growth of saponites

The end of synthesis solutions contain small amounts of Si, Al, Mg,
and Ni (Table 2), suggesting that the synthesized solid phases
contain almost all the structural elements. FTIR spectra of
starting materials (0-day samples) with mainly vNi;OH and
vMg;OH bands are consistent with a mechanical mixing of
Ni-saponite and Mg-saponite precursors. After the hydrothermal
synthesis, Mg-Ni saponite solid solutions were obtained in the
series (pMgl50+pNil50)150 and (pMg220+pNi25)220, while in
the series (pMg220+pNi220)220 and (pNi220+pMg25)220 no
saponite solid solutions are observed. The appearance of the
vMg,NiOH and vMgNi,OH bands in some samples indicate the
formation of Ni-Mg saponite particles, produced by the dissolution
of the precursor.

Series (pMg150+pNi150)150 and (pMg220+pNi220)220

For the Series (pMg150+pNil50)150, the coarse particles (Fig. 4a,
b) and the increase of CSD values (Table 1) give evidence of the
crystal growth of Mg-Ni saponite. After 30 days of synthesis, the
precursor dissolution extent (DE) is 0.41 (Table 3), indicating that
saponite growth dominates by the dissolution of endmember
saponite precursors and crystallization of Mg-Ni saponites. The
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less than 0.75 DE value indicates that the dissolution of
endmember saponite precursor is partial. For the Series
(pMg220+pNi220)220, no reaction between the precursors
could be observed (DE=0, Table 3). After 90 days of synthesis,
the particle size and crystallinity remain similar. The main
difference between both series is the particle size (Fig. 4a,c) and
crystallinity (Table 1) of precursors. Comparing with the
precursors of the (pMgl50+pNil50)150 series, those of the
(pMg220+pNi220)220 series have a relatively large particle size
and CSD, which limit the dissolution of pMg220 and pNi220
precursors and thus prevent the formation of Mg-Ni saponite
solid solution. However, small particles of pMgl50 and pNil50
precursors drive the dissolution—recrystallisation of precursors, as
small particles have a greater surface energy than larger ones
(Trolard and Tardy, 1987; McHale et al., 1997; Tang et al., 2004;
Navrotsky et al., 2008). This rapid process led to the formation of
saponite solid solution.

Series (pNi220+pMg25)220 and (pMg220+pNi25)220

For both series, the syntheses were performed at 220°C for
60 days. The hydrothermal synthesis induces an increase in
both particle size (Fig. 5) and crystallinity of the saponite
(Table 1). However, a different evolution of crystal chemistry is
observed between the two series. For sample (pNi220+pMg25)
220-60d, no vMg,NiOH and vMgNi,OH are observed (Fig. 2c),
indicating no reaction between pNi220 and pMg25 (DE~0.00)
(Table 3). The narrowing of the vMg;OH band from 0 days to
60 days (Fig. 2c) implies that pMg25 particles evolves towards a
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better crystalline structure as observed by XRD (Fig. 1 and Table
1). The Mg-saponite precursor (pMg25), which is amorphous-
like saponite germ, transforms into Mg-saponite independently
to initial pNi220 saponite. The unchanged vNi;OH band from
0 days to 60 days (Fig. 2c) indicates that pNi220 particles keep a
quasi-steady state. For the (pMg220+pNi25)220-60d sample, the
occurrence of vMg,NiOH and vMgNi,OH bands (Fig. 2d) and
the DE value of 0.48 (Table 3) clearly indicate a partial dissolution
of precursors and the formation of large Mg-Ni saponite particles.

In the (pNi220+pMg25)220 and (pMg220+pNi25)220 series,
the precursors obtained at 25°C consist of amorphous-like
saponite germs (Table 1) (Zhang et al., 2021). These substances
readily dissolve, even at room temperature, resulting in elevated Ni
or Mg concentrations in the solution for the 0-day samples
compared with other series (Table 2). Therefore, the chemical
reactions during syntheses can be expressed as pMg220+Ni** and
pNi220+Mg>*. When Mg and Ni cations compete to enter a
saponite solid solution, Ni is strongly stabilized in the solid phase,
so that the partition coefficient Dni-mg)=(Ni/Mg)sotia (Ni/Mg)iiqui
reaches a relatively high value (log D=2.3 at 25 and 75°C)
(Decarreau, 1985). Partition coefficients in the same range were
calculated based on the chemistry of the solution after synthesis, by
assuming that a (Ni/Mg),q is 1 when a Mg-Ni saponite solid
solution was obtained (Table 2). The higher log D values than
previously published results from Decarreau (1985) are mainly
due to the higher synthesis temperatures (i.e. 150 or 220°C
compared with 25 and 75°C) and indicate a stronger Ni
stabilization in saponite with the increasing temperature. Thus,
for the (pMg220+pNi25)220 series, Ni*" enters the Mg-saponite
easily to reach the stable Ni-Mg solid solution. Such reactions were
supported by the elemental distribution within the single layer of
sample (pMg220+pNi25)220-60d identified with HAADF-STEM
and EDXS (Fig. 6), which is similar to the mineral replacement
reaction described by Putnis (2002). On the contrary, for the
(pNi220+pMg25)220 series, aqueous Mg*" is hard to incorporate
into the Ni-saponite so that pMg25 and pNi220 precursors evolve
separately.

Considering all sets of experiments, only a few syntheses
successfully achieve a stable Mg-Ni saponite solid solution. In the
cases of the (pMgl50+pNil50)150 and (pMg220+pNi220)220
series, the chemical compositions of the solutions remain
consistent and unaltered throughout the synthesis process
(Table 2). Thus, the key factor is the dissolution rate of
precursors, which is linked to their particle size and crystallinity.
At 220°C, the dissolution rate of both pNi220 and pMg220 is
notably slow, thereby preventing the formation of Ni-Mg
saponite solid solutions. However, the Mg-Ni saponite solid
solution was obtained when the same precursors (pNi220 and
pMg220) were treated at 300, 400 and 500°C (Zhang et al., 2021),
indicating that synthesis temperatures higher than those used for
the precursor synthesis facilitate the dissolution of precursors. On
the other hand, pNil50 and pMg150 precursors have a smaller
particle sizes and a lower crystallinity than those formed at 220°C
(Table 1), which promote their dissolution and favor the solid
solution formation even at a 150°C synthesis temperature. As
mentioned above, the lack of solid solution for the (pNi220
+pMg25)220 series is mainly due to the strong stabilization of
Ni with regard to Mg in saponite crystals.

Two main points can be highlighted. First, having a zero
temperature gap (AT=0) between sample synthesis and
precursor preparation is not sufficient to prevent the reaction
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between precursors during saponite hydrothermal synthesis, as
observed in the (pMgl50+pNil50)150 series. Second, the stable
thermodynamic phase, here Ni-Mg saponite solid solution, is not
necessarily formed, as observed for both (pMg220+pNi220)220
and (pNi220+pMg25)220 series, despite the relatively high
temperature (220°C) and synthesis times as long as 2 or
3 months. Kloprogge et al. (1999) noted that the synthesis
duration is generally not sufficient to ascertain that synthetic
products are the thermodynamically stable phases.

Kinetic of precursor dissolution

By combining present data and previous results obtained with the
same chemical system Nag 3[Si;7Aly 3] [Ni; sMg; s]O;0(OH),, but
with other synthesis conditions (Zhang et al. 2020; Zhang et al.,
2021), it is possible to predict the kinetic dissolution and crystal
growth of saponite during syntheses.

The mixture of pNil50 and pMgl50 precursors was
hydrothermally treated for 30 days at 150 and 220°C (Zhang
et al,, 2020). Both the (pMgl50+pNil50)150 and (pMgl50
+pNil50)220 series displayed a similar trend depicted by a
logarithm function (Fig. 7a). After a rapid increase up to
~5 days of synthesis, DE increases very slowly when increasing
the synthesis time. Raising the synthesis temperature from 150 to
220°C leads to a significant increase in DE values (DE=0.41 and
0.73, respectively). For the synthesis from the mixture of pNi25
and pMg220 precursor, the DE value remains low (0.48) even after
60 days of synthesis at 220°C (Fig. 7a). All the results seen in Fig. 7a
suggest that extending the synthesis time would not induce a
significant evolution of saponite once the DE value reached a
plateau.

Zhang et al. (2021) synthesized a series of saponites at 220°C
for 14 days with precursors gradually changing from pNi25
+pMg25 to pNi220+pMg220 (temperature of precursors=25,
50, 150, 180, 200, 220°C) (empty triangles in Fig. 7a,b). These
data clearly illustrate the influence of AT on DE of saponite
precursors. The DE value increases with increase in AT values
(Fig. 7b). The highest values of AT correspond to the syntheses
with the precursors prepared at low temperatures (25 and 50°C)
(Zhang et al,, 2021).

Another series was obtained by hydrothermally treating the
same starting material pNi220+pMg220 for 7 days at various
temperatures (220, 300, 400, and 500°C) (Zhang et al., 2021).
The DE value increases as the synthesis temperature rises
(Fig. 7c) but the slope of the curve decreases with increasing T.
During a high temperature system, an increase of T would
not induce a significant progress in crystal growth because
(Mg)-saponite is stable up to ~600°C (liyama and Roy, 1963;
Zhang et al., 2010; Meyer et al., 2020).

The above results show that, for the studied series, an increase in
synthesis time, synthesis temperature, or AT, the other parameter
being constant, would not be enough to significantly increase the
crystal growth of saponite. The prominent feature is the quasi-
steady-state reached after about 2 weeks of synthesis.

The DE value is efficient at estimating the crystal growth of
saponite within a series but cannot be applied for comparison
between series. For example, after synthesis of mixture pNi50
+pMg50 at 220°C (Fig. 7a), DE=0.8 and the diameter of saponite
particles is 40-150 nm while for the pNi220+pMg220 precursor
treated at 500°C, DE=0.72 and particles reach 400 nm in diameter
(Zhang et al., 2021; Fig. 7c).
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