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ABSTRACT

The formation of iron-rich phyllosilicates can occur at different natural or engineered settings.
In this study, the influence of pH for the hydrothermal synthesis of iron-rich phyllosilicates was
investigated in the range from 8.50 to 12.10 with respect to the pH after the aging of the
precursor. The synthesized samples were characterized by powder X-ray diffraction, Raman
and Mossbauer spectroscopies, and transmission electron microscopy. Three domains of pH
were identified, and correlated with the silica availability and its speciation in the solution. The
formation of 1:1 type Fe!ll/Fell phyllosilicate was observed between pH 9.67 and 10.75. Above
pH=10.75 two types of phyllosilicate-like mineral phases were observed. Inadditionto 1:1 type
Felll/Fell phyllosilicate, 2:1 type Fe!ll/Fe!l phyllosilicate was observed. Below pH=9.67, mainly
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amorphous silica and iron oxides were observed. The findings showed that pH governed

crystallinity and nature of obtained phyllosilicate-like phases.

Keywords: hydrothermal synthesis, iron-rich phyllosilicates, solubility of silica, serpentine, tri-

octahedral
Highlights:

e pH determines the nature of the synthesized iron-rich phase, i.e. 2:1 or 1:1 type.

e Silica availability depends on the dissolution rate (driven by pH) and changes the molar

ratio Fe/S1, influencing the type of phyllosilicate obtained.
Introduction

The damage of materials due to corrosion or scale formation can occur in engineered systems,
especially when silicon and iron species are present in aqueous solution. Such conditions might
occur (1) in fluid conducting pipes in brine handling equipment, and (2) on glass-steel-cement
interfaces in the context of nuclear waste repository. In hyper-saline brines, the solution is basic,
and a high concentration of silica and iron can occur leading to the precipitation of Fe-rich
phyllosilicates (Manceau, 1995). The scale formation can then clog pipes and damage other
equipments. In the context of nuclear waste repository, the pH of cement material surrounding
steel containers is basic. As a result, some dissolved silica is expected to be present if the
material is wet and porous. In contact with metal where some Fe(II) could be leached, the
formation of phyllosilicates can then be promoted leading to further corrosion of steel (Lanson
et al., 2012; Herbert et al., 2016). For the vitrified nuclear waste, Si-OH species are present on
the glass surface in significant amounts. In contact with steel and dissolved Fe(II), phyllosilicate
precipitation can thus be expected due to a high Si:Fe ratio, as shown in the studies of Carriere
et al. (2021) and Galai et al. (2023), which identified phyllosilicate phases at the glass-steel
interface. Silica consumption can induce glass alteration and, in some cases, accelerate the
degradation of materials. The environmental conditions (element aqueous concentrations, pH,
redox potential) of the formation of iron-rich layered phyllosilicates in the FeO-SiO2-H20
system are poorly understood. Therefore, the synthesis in laboratory can bring new insight in

this field.
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Synthesis of iron-rich phyllosilicates using different protocols have been well documented
(Petit etal., 2017; Dzeneet al., 2018). The hydrothermal path remains the preferred one because
of its versatility and the ease of use which allows obtaining relatively well crystallized products
(Kloprogge, 1998; Jaber et al., 2013). Many parameters having influence on synthesis products,
such as synthesis time and temperature, chemical composition and pH have been studied over
time (Kloprogge, 1994; Lantenois ef al., 2005; Tosca et al., 2016; Boumaiza et al., 2020). For
example, the preparation of precursor using Fe?* could enhance the kinetic of synthesis and the
crystallinity of the product (Decarreau & Bonnin, 1986). In general, it was also reported that
low temperatures (below 150°C) and short synthesis time favor the formation of Fe-serpentines
(1:1 type phyllosilicate) whereas higher temperature (above 200°C) and longer synthesis time
lead to the formation of Fe-rich saponite or chlorite (2:1 type phyllosilicate) (Grubb, 1971;
Bertoldi et al., 2005; Mosser-Ruck et al., 2010; Pignatelli et al., 2014; Boumaiza et al., 2020).

Among the different enlisted synthesis parameters above, it has been demonstrated that pH had
the most impact on the nature of phases formed (Cundy & Cox, 2005; Baron et al., 2016; Tosca
et al., 2016; Boumaiza ef al., 2020). Indeed, the quantity of hydroxyl anions (OH") in solution
determines the speciation of elements and the solubility of reactants and products. Regarding
the speciation of elements as a function of pH, Frank-Kamenetzkij et al. (1973) concluded in
their study that for the mineral transformations which go through the dissolution and
precipitation, the pH of the medium controls the speciation of Al and thus the coordination of
Al (octahedral vs tetrahedral) in newly formed structures. In a former study, de Kimpe et al.
(1961) reported the formation of zeolite (where Al is tetrahedrally coordinated) in basic pH,
and kaolinite (where Al is octahedrally coordinated)in acidic pH. In addition, the recent study
of Criouet ef al. (2023) demonstrated the influence of the amount of OH- for the synthesis of
clay minerals. For the same chemical composition of the reactants, kaolinite was obtained in
solution with pH below 12, beidellite (with both, octahedrally and tetrahedrally coordinated Al)
was obtained with a solution at pH=12, and zeolites (with only tetrahedrally coordinated Al)
were formed in solutions with pH above 12. In alkaline pH, it has also been shown that the
crystal chemistry of Fe(Ill)-nontronites is heavily controlled by the aqueous Si speciation,
which is pH-dependent (Baron et al., 2016). An increase in the proportion of H2Si042"aq) over

H3S1047(aq) was shown to enhance the Fe(I11)-Si substitution in the obtained nontronites.

Regarding the FeO-SiO2-H20 system, Francisco et al. (2020) demonstrated that polymerization

of Fe(OH)2 occurred at basic pH, whereas the precipitation of amorphous SiO2 was observed
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below pH 8, inhibiting the polymerization of Fe(OH).. In addition, the studies of Schwertmann
& Thalmann (1976) and Doelsch et al. (2002) demonstrated the formation of Si-O-Fe(IT) bonds
at basic pH, hindering the polymerization of Fe(Il) compounds. Halevy et al. (2017) observed
the formation of green rust-like compounds at neutral pH, and the formation of iron-rich

phyllosilicate (greenalite-like) phases at basic pH was observed in the presence of silica

(Konhauser et al., 2007; Tosca et al., 2016; Hinz et al., 2021).

In our previous study, we observed that for the same targeted chemical composition, a high
amount of hydroxyl ions available in the solution favored the precipitation of 2:1 type
phyllosilicate with respect to 1:1 type phyllosilicate whereas small quantity of OH- favored the
formation of 1:1 type phyllosilicate (Boumaiza et al., 2020). Given the strong dependence of
type of clay mineral obtained in function of pH, and the pH dependence of silicon and iron
species and/or compounds speciation and solubility, the aim of this work was then to go a step
further and investigate if a definite pH value can be found for the precipitation of 1:1 type iron-
rich phyllosilicate in the FeO-SiO2-H20 system. As mentioned above, the environmental
conditions of the formation of iron-rich layered phyllosilicates, in particular those of 1:1 type
phyllosilicates, in the FeO-Si02-H20 system are not well-known. The lack of such knowledge
then leads to the degradation of materials and decreases the durability of engineered systems
where the formation of such phases can occur. An improved understanding about the formation
mechanisms of these phases would allow to prevent their formation in engineered systems. In
case the precipitation could not be prevented, the knowledge of precipitation reactions and
mechanisms could allow to predict the evolution of such systems over large timescales.
Materials and methods

Chemicals

The following chemicals were used: iron (II) sulfate heptahydrate (FeSO4-7H20, Sigma
Aldrich, 99.90 wt.%) as Fe(Il) source, fumed silica (SiO2, Aerosil® 380, Evonik) as silicon
source, powder sodium hydroxide (NaOH, Sigma Aldrich, 97 wt.%) to provide an alkaline
medium and sodium dithionite (Na2S204, Alfa-Aesar, 85 wt.%,) to maintain reducing
conditions. Deionized water (DIW, 18.2 MQ-cm) was used for all the experiments.

Synthesis protocol

The protocol is based on a hydrothermal synthesis starting from a suspension having an Fe:Si
molar ratio equal to 1.5. Such molar ratio would correspond to a theoretical structure
SizFe3Os(OH)4 of greenalite and also analogous to natural Mg-rich 1:1 type phyllosilicates. The

procedure consisted of dissolving successively in 70 mL of d eionized water 0.041 g of Na2S20s4,
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4.510 g of FeSO4-7H20 ([Fe*'] = 0.232 mol-L ™), 0.647 g of SiO2 ([Si] = 0.154 mol'L™") and a
given quantity of NaOH ([OH-]= 0.45-0.55 mol-L™!) to obtain a given pH (Table S1). Sodium
dithionite was added to maintain reduced condition, as mentioned in previous synthesis
protocols of similar materials (Harder, 1978; Mizutani et al., 1991). The given amount of NaOH
was added for varying the pH. The range of this amount was determined based on our previous
study (Boumaiza et al., 2020), where the formation of 1:1 type phyllosilicate was observed with
an OH:Fe molar ratio equal to 2.4 . Note that for some experiments the OH:Fe molar ratio was
the same, but the measured pH values were slightly different. In practice, it was the obtained
pH value that determined the synthesis outcome as demonstrated further by the results. The
mixture was stirred during 2 h at room temperature before being sealed in a Teflon-lined
stainless-steel mineralization bomb (Top Industrie ®, 150 mL) for two days at 160°C. The
synthesis time and temperature were chosen based on our previous study (Boumaiza et al.,
2020). After the hydrothermal treatment, the bomb was cooled down until the room
temperature. The product was recovered and washed three times with deionized water by
dispersion-centrifugation at 8000 rpm for 5 min (9946-g) and dried at 60°C. The resulting
product mass after washing was about 1.8 g.

The pH of the aged suspensions after 2 hours (pHi) and of the solutions after the hydrothermal
treatment (pHf) were measured at 25°C using an Orion TM ThermoFisher electrode (pH +/-
0.01) calibrated with two buffer solutions at pH 7.0 and 10.0.

Characterization methods

Powder X-ray diffraction. Data were collected with a powder Bruker diffractometer D8
ADVANCE (Germany) in Bragg-Brentano reflexion geometry 6 — 6 (goniometer radius is
280 mm). This diffractometer was equipped with the LynxEye XE-T high resolution energy
dispersive 1-D detector (CuKau,2). This kind of detector allows to avoid Fe fluorescence effects
with Cu X-ray tube. The X-ray diffractograms were recorded in the following conditions:
angular area 3-70 °20, step size 0.017 °20, time per step 1.8 s (total time per step was 345 s),
variable divergence slits mode (irradiated sample length 15 mm), total time for acquisition 2 h.
During the data collection, powder sample was rotating at 5 rpm. Motorized anti-scatter screen
was used for effective suppression of instrument background, most importantly air-scatter at

low angles 260.

Raman spectroscopy. Raman spectra were obtained with a Horiba LABRAM 300 confocal-
Raman spectrometer (France) equipped with a Compass 315M-50 laser (50 mW, 632 nm),

diffraction gratings of 600 grooves mm ' and CCD matrix detector. Laser focusing and sample
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viewing were performed through Olympus BX40 microscope fitted with x50 objective lens.

The spot size was ca 15-20 um, resolution 4 cm!'. Laser power could be reduced by filters to

about 1, 0.1 and 0.01 mW.

Transmission electron microscopy. Powder sample was impregnated in epoxy resin (Bond E-
set, Konishi Bond, Japan) and sandwiched between two glass slides to ensure the preferred
orientation of sample. The sandwiched sample was sliced and polished mechanically. The TEM
lamella (10 pum x 5 pum x ~0.15 um) was prepared by focused ion beam (FIB) lift-out technique
in a dual beam FIB-SEM (Thermo Fisher Scientific Scios and Scios2, USA). The specimens
prepared by FIB were characterized using a field-emission transmission electron microscope
(FE-TEM; JEOL JEM-2100F HR, Japan) operated at 200kV. High resolution TEM (HRTEM)
images were recorded using a Gatan Ultrascan 100XP bottom-mounted CCD camera (USA).
Some of the HRTEM images were processed using the Wiener-filter (Marks, 1996; Kilaas,
1998) developed by K. Ishizuka (HREM Research Inc., Japan), which was implemented in a
Gatan Digital Micrograph software (USA) to remove noise contrast. Energy dispersive X-ray

spectroscopy (EDS) spectrum imaging was performed by a JEOL JED-2300T silicon drift
detector equipped on the TEM in scanning TEM (STEM) mode.

Mossbauer spectroscopy. Mossbauer spectrometer was equipped with 512 multichannel
analyzer (Halder Electronic Gmbh, Germany) and a 50 mCi source of >’Co in Rh matrix.
Mossbauer analysis were performed at 290 K and 12 K with a constant acceleration. Data were
obtained from appropriate amounts (10 mg of Fe per cm?) of solid samples to get optimal
experimental conditions. In order to avoid the condensation of oxygen and water on the walls
of the cryostat, samples were quickly transferred under inert He atmosphere to a cold-head
cryostat, equipped with vibration isolation stand and developed in the LCPME Laboratory. The
recordings at 290 K were performed on the spectrometer equipped with the Advanced Research
Systems cryostat, while the recordings at 12 K were done on the spectrometer coupled to the
Janis Cryostat. Mdssbauer spectra were collected in transmission mode. The 50 mCi source of
>7Coin Rh matrix was maintained atroom temperature (RT) and mounted at end of a Mossbauer
velocity transducer. The spectrometer was calibrated with a 25 um foil of a-Fe at room
temperature. Analysis of the Mossbauer spectra consisted of least-square fitting of data with a
combination of two-peak quadrupole components (doublets) and, when present, six-peak
magnetic hyperfine components (sextets). Most of the time computer fitting with Lorentzian-

shape lines is sufficient to fit spectra. However, Voigt profile analysis from Rancourt & Ping
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(1991) for quadrupole splitting distribution (QSDs) and magnetic hyperfine fields (HFDs), can

be more relevant for analyses of dynamic effects on spectral line broadening.
Calculation of theoretical solubility and speciation of silicon compounds

Table 1 summarizes the equations used to calculate the theoretical solubility and speciation of
silicates corresponding to the experimental conditions used during the preparation of the

precursor at room temperature.
Table 1. Theoretical concentration C and speciation of amorphous silica in water at 298K.

C < Cyp=0.154 mol/L C =Cy=0.154 mol/L

C = [HaSiO4] + [H3Si047] + [H2Si0427]

nion 10-%7 10-132
C=10 <1 +1 S (1+355) C=Co
[HaSiO4] = 10727 co
[H4S104] = 10977 10-132
BT <1+ 10~PH )
14 10—9.7(1 | 10—13.2)

‘N -1 — 10-27 “10-PH\" " 10-PH ) o

[H3S1047] =10 [( 10:51;_'_ +% >] [H3S1047] = <W>‘
10-9 10~P T P+ =
10

o 10—9.7 {1 | 10—13.2) co
‘ N r——(1+—5 S
[H2Si04%] = 10727 [( |11(:)—I;H\( 11(:) —ppﬂ))] [H2Si04%7] = [<1+ 10-PH (1+10—PH)>]

T10-132\"T10-97 10~13:2 10~97

where [H4SiO4] = 10727 mol-kg"! H20 (solubility constant of amorphous silica is 1027 at
298 K) (Gunnarsson & Ardrsson, 2000), pKa (H3S1047/H4S104)=9.7 (Alexander et al., 1954)
and pKa (H2Si04%>/ H3Si04") = 13.2 (Eikenberg, 1990) and Co = [SiJinitiat = 0.154 mol-L ™.

In this study we chose a simple model of silica speciation even if a more realistic speciation of
silica species especially at pH>10 has been proposed (Felmy et al., 2001). The suggested model
considers dimeric, trimeric (linear, cyclic, and substituted), tetrameric (linear and cyclic), and
hexameric (prismatic) species in additionto monomeric ones. However, the monomeric species
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remain the major species in solution, and could be considered therefore as a good first

approximation.

Measurements of electrolytic conductivity

The conductimetry experiments were conducted with a conductimeter PC 5000 L Phenomenal,
VWR, Radnor, US. The ionic conductivity of the solution was assumed to be the sum of the
specific conductivity of each ion in solution. Each chemical contribution was investigated by
measuring the conductimetry of the solution in function of the amount of added OH". Two
experiments were performed: (1) addition of a given amount of 1M NaOH solution in deionized

water; (2) addition of a given amount of 1M NaOH solution in deionized water containing
0.647 g of fumed silica (SiO2, Aerosil® 380, Evonik).

Results

Mineralogical composition of synthesis products: identification of 3 domains

The XRD powder analysis of the products revealed three distinct domains that differed by the
nature of phyllosilicates obtained (Fig.1). For lower OH:Fe ratio (below 2.10) corresponding to
pHi<9.67, XRD showed the presence of some broad yet characteristic peaks of 4k¢ reflections
of phyllosilicates, but the peaks of 00¢ reflections were not observable. For higher OH:Fe molar
ratio (between 2.10 and 2.16) corresponding to pHi between 9.67 and 10.75, the 1:1 type
phyllosilicate could be identified by its characteristic peak at 7 A. At high OH:Fe ratio (above
2.16) leading to pHi that exceeded 10.75, both 1:1 and 2:1 type phyllosilicates were identified
in the synthesis products characterized by the peaks at 7 A and 12 A, respectively. It has to be
noted that all the synthetized products contained iron oxide and/or hydroxide phases. Some of
the samples contained thenardite (Na2SO4), which formed from the sulfate anions and sodium
cations, and had remained due to incomplete washing. A more detailed characterization of three
samples representing each domain, was further carried out by powder XRD, Raman and

Mossbauer spectroscopies and transmission electron microscopy.
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Figure 1 . Powder X-ray diffractograms of synthesis products obtained by varying OH:Fe
initial molar ratio from 1.93 to 2.39 (pHi between 8.50 and 12.10).

Characterization of synthesis products in domain “1” where pH; <9.67

A sample prepared with a pH; value of 8.50, representing domain 1, was chosen for a more
detailed characterization. The powder X-ray diffractogram revealed reflections at 4.84 A (18.28
°20), 2.78 A (32.17 °20) and 2.09 A (43.14 °20) corresponding to magnetite (Fig.2A). The
characteristic reflections of hematite at 2.69 A (33.15 °20) and at 1.45 A (64.02 °20) and of
goethite at4.17 A (21.28 °20) were also identified. Broad peaks corresponding to the diffraction
angles of phyllosilicates’ planes at 2.57 A (34.32 °20) and at 1.52 A (60.37 °20) suggested the
formation of poorly crystalline phyllosilicate phase (Stucki et al, 1989). The high signal
intensity above the baseline, suggested the presence of amorphous compounds in the sample,

such as amorphous silica.
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Figure 2. X-ray diffractogram (A), Raman spectrum (B), TEM image (C) and Mdssbauer
spectrum at 12 K (D) of sample with pH; = 8.50.

Raman spectroscopy confirmed the presence of magnetite with characteristic bands at 302 cmr
'and 668 cm! (de Faria et al., 1997) (Fig.2B). The hematite and goethite phases could not be

detected probably due to their low amount in the sample.

Well-crystalline clay structure was not observed in TEM. Only low-crystalline phase with
sheet-like texture was seen (Fig. 2C). Selected area electron diffraction (SAED) pattern gave a
halo ring pattern characteristic for a low crystalline phase (Fig.S1 in Supplementary
information). No significant change in the SAED pattern and high resolution TEM image was
observed during the continuous illumination of electron beam. Moreover, Ga contamination by
the FIB was negligible in the analyzed area. These results indicate that the low-crystalline phase
was not formed by the beam damage during the specimen preparation process by FIB nor TEM
observation. The chemical analysis of this area yielded molar Fe:Si=0.73 suggesting that this
low-crystalline phase could correspond then to 2:1 type phyllosilicate-like structure. This

observation agrees with results of X-ray diffraction (Fig. 2A), where no peak of 001 reflection,
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characteristic for phyllosilicates, was observed, and only broad reflections around 35 and 60 °260
(corresponding to 2.6 and 1.53 A, respectively) were recorded. The absence of 00¢ reflections

in X-ray diffractogram indicates that the stacking of layers is absent. Indeed, the TEM

observation revealed a phase with sheet-like texture, but small size and only few layers thick.

The deconvolution of Mdssbauer spectrum acquired at room temperature confirmed the
presence of various iron bearing phases: magnetite, goethite and iron-rich phyllosilicate (Fig.
S2 and Table S2 in Supplementary information). These results were in agreement with
mineralogical composition identified by powder X-ray diffraction. The phyllosilicate phase
contained two Fe(IIl) components, which could be attributed to both the octahedral and
tetrahedral sites (Dyar et al, 2006). The spectrum recorded at low temperature (Fig. 2D)
confirmed the nature of observed phases at room temperature (Fig.S2 in Supplementary
Information). The iron oxide components’ contribution to the recorded signal was more
important, as expected, for low temperature (Table 2). The sextet characterized by magnetic
field of 487 kOe and negative quadrupole shift € (- 0.28 mm/s) was attributed to goethite (Murad
& Johnston, 1987; Benali et al., 2001), while the five other sextets can be assigned to magnetite

as established for this mineral at very low temperature in the literature (Vandenberghe et al.,
2000; Meite et al., 2022).

Table 2. Mossbauer parameters for the synthesis product with pH; = 8.50 at 12 K, where CS
is center shift, A is quadrupole splitting, H is hyperfine field, and R.A. is relative abundance.

CS (mm/s) Aor€&(mm/s) H (kOe) R.A. (%)

Doublet (1) 0.36 0.27 6 Fe(III) in phyllosilicate
Doublet (2) 0.48 0.76 45 Fe(IIl) octahedral in phyllosilicate
0.48 -0.139 488 12
0.44 0.36 490 8
Sextets 1.04 2.11 294 5 Magnetite
0.93 0.05 465 8
0.62 0.03 523 8
Sextet 0.32 -0.28 487 8 Goethite

Considering the obtained chemical analysis from EDS (Table 3) and iron oxidation state
obtained from Mdssbauer spectroscopy at 12 K, the formula of the phyllosilicate in domain 1
could be estimated as Fe'''2.14(Si3.s1Fe!!0.49)O10(OH)2 corresponding to 2:1 type phyllosilicate-
like phase. It has to be noted that more detailed tests such as cation exchange experiments would
allow to establish a more realistic formula. However, for such experiments a pure phase would

be needed, which is not the case here. Nevertheless, the characterizations done in this study
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allow to suggest a first approximate estimation of the obtained phase. In summary, the samples
obtained in this domain contained magnetite, goethite and poorly crystalline 2:1 type Fe(III)-
rich phyllosilicate-like phase.

Table 3. Chemical composition of samples.

pHi 8.50 10.28 11.63
Type of structure 2:1 1:1 1:1 2:1
SiO, 52.49 27.29 38.06 38.53
FeO" 47.51 72.71 61.94 61.47
Total 100.00 100.00 100.00 100.00
Fe3'/XFe by MS 1.00 0.87 0.88 0.88
0= 11 7 7 11
Si 3.51 1.35 1.77 2.80
Fe3* (IV)™ 0.49 0.65 0.23 1.20
Y Tetrahedral cations 4.00 2.00 2.00 4.00
Fe?* - 0.39 0.29 0.45
Fe3* (VI) 2.16 1.96 1.88 2.10
Y Octahedral cations 2.16 2.35 2.17 2.55
Number of octahedral 0.84 0.65 0.83 0.45

vacancies

* Total iron as FeO. ** Tetrahedral Fe3* was determined assuming there is no tetrahedral vacancy.

Characterization of synthesis products in domain “2” with 9.67 < pH; < 10.75

For domain “2”, sample with pHi=10.28 was chosen for more detailed characterization. XRD
traces revealed the presence of the phyllosilicate of 1:1 type with its main peak at 7 A
(12.44 °20) and other peaks at 3.56 A (25.01 °20) and 1.53 A (60.40 °20) (Fig.3A). A broad
peak around 10 °26 suggested possibly a second poorly ordered 1:1 type phyllosilicate phase.
Peaks of hematite were also detected at 1.45 A (64.22 °20) and 1.69 A (54.49 °20) respectively.
Raman data confirmed the presence of hematite with characteristic intensive bands at 223, 293,
410, 507, 610 and 1321 cm™! (de Faria et al., 1997) (Fig.3B). Observation in TEM revealed the
layered structure characteristic of 1:1 phyllosilicate with an average basal spacing of 7 A
(Fig.3C). SAED pattern confirmed a periodicity of 7 A (Fig. S3 in Supplementary information).

The chemical analysis of the area yielded molar Fe:Si ratio of 1.71 (the initial ratio was 1.50).
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Figure 3. X-ray diffractogram (A), Raman spectrum (B), TEM image (C) and Mdssbauer
spectrum at 13 K (D) of sample with pHi = 10.28.

The Mossbauer spectrum at room temperature revealed two components corresponding to
Fe(Ill) and Fe(Il) in phyllosilicate structure (Fig. S4 and Table S3 in Supplementary

Information). The spectrum at low temperature revealed also the presence of iron oxide phase
(hematite) (Fig.3D and Table 4).

Table 4. Mossbauer parameters for the synthesis product with pH; = 10.28 at 13 K, where CS

is center shift, A is quadrupole splitting, and R.A. is relative abundance.

CS (mm/s) A or € (mm/s) H (kOe) R.A. (%)

Doublet (1) 0.48 0.88 79 Fe(Ill) in phyllosilicate
Doublet (2) 1.23 2.92 12 Fe(Il) in phyllosilicate
Sextet (3) 0.50 -0.15 529 7 Iron oxide (hematite)
Sextet (4) 0.39 -0.05 450 2 Iron oxide (hematite)

Considering the obtained chemical analysis from EDS (Table 3) and iron oxidation state

obtained from Mossbauer spectroscopy at 13 K, the formula of phyllosilicate in domain 2 could
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be estimated as Fello 30Fe!™"1.96(Si1 35Fe!M0.65)035(OH )4 corresponding to serpentine-like structure.
Although the tetrahedrally coordinated Fe3* was not suggested by the Mossbauer spectroscopy,
it is reasonable to assume that there is no vacant site in tetrahedral sites. Therefore, some of the
Fe3* was assigned in the tetrahedral site. In summary, samples obtained in this domain were

composed of hematite and serpentine-like phyllosilicate.
Characterization of synthesis products in domain “3” with pH; > 10.75

The sample with pHi= 11.63 was studied in detail. XRD data showed the presence of two types
of phyllosilicates: 2:1 type and 1:1 type, identified by their characteristic peaks at 12 A and 7 A,
respectively. Some broad reflections corresponding to iron oxides, magnetite and/or hematite,
were identified. The diffraction peaks at 4.65 A (19.05°20) 3.17 A (28.14°20) and 3.07 A
(29.04°20) corresponded to thenardite (Na2SO4) attributed to the use of sodium hydroxide and
the ferrous sulfate as precursors (Fig.4A). Raman spectrum corresponded to the one of hematite

with the characteristic peaks as reported for the domain “2” (Fig.4B).
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Figure 4. X-ray diffractogram (A), Raman spectrum (B), TEM image (C) and Mdssbauer
spectrum at 11 K (D) of sample with pH; = 11.63.

The observation of particles in TEM revealed a clay mineral-like phase with 7 A periodicity
(Fig.4C). Also, low crystallinity regions were observed (Fig.S5 in Supplementary information)
with sheet-like texture. Indeed, the 2:1 phyllosilicate phase identified by XRD had broad peaks
suggesting poor crystallinity in agreement with observations under TEM (Fig. S5 in

Supplementary information).

The deconvolution of Mdssbauer spectrum obtained at room temperature could be
deconvoluted in 4 components corresponding to two types of sites of Fe(I1l) and two types of
sites of Fe(II) (Fig. S6 and Table S4 in Supplementary information). Considering the presence
of 2:1 and 1:1 types phyllosilicates in the sample, at least part of the Fe(III) and Fe(II) sites
observed on the RT spectrum belong to the phyllosilicate phase. The Mdssbauer spectrum at
low temperature differed significantly from the one at room temperature. Additional magnetic
components composed of three sextets (and absent at ambient) appeared at the low temperature
spectrum (Fig.4D). As a consequence, the relative abundance of paramagnetic components of
Fe(I1T) decreased from 80% in room temperature spectrum to only 21% at low temperature
(Table 5). Such behavior confirmed the presence of poorly crystalline iron oxides in the sample
as suspected from the broad peaks in X-ray diffractogram and evidenced by Raman
spectroscopy or on the basis of relaxation phenomena observed in magnetic structures obtained
at low temperatures and due to the superparamagnetic behavior of iron oxides as obtained by
Meite et al. (2022). However, the phenomenon of superparamagnetism, which is a good
indication of the small size of the particles, as also suggested by XRD and TEM, may render

interpretation more difficult.

Table 5. Mossbauer parameters for the synthesis product with pHi =11.63 at 11 K, where CS

is center shift, A is quadrupole splitting, and R.A. is relative abundance.

CS (mm/s) A or € (mm/s) H(kOe) R.A. (%)

Doublet (1) 0.47 0.83 21 Fe(Ill) in phyllosilicate
Doublet (2) 0.82 3.3 3 Fe(Il) in phyllosilicate
Doublet (3) 1.35 2.84 3 Fe(Il) in phyllosilicate
Sextet (4) 0.62 0.05 360 25 Iron oxide
Sextet (5) 0.65 0.04 224 41 Iron oxide
Sextet (6) 0.57 -0.05 380 7 Iron oxide
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The chemical composition of phyllosilicate-like phases was estimated by TEM-EDS analyses
of 7 A and poorly crystalline regions of particles (Table 3). In both cases, molar Fe:Si ratio was
between 1.32 and 1.36. Assuming that doublet (3) (Table 5) would correspond to 1:1
phyllosilicate phase and doublet (2) would correspond to 2:1 phyllosilicate-like phase, an
estimation of formula was attempted. For 1:1 phyllosilicate-like phase it gave
Fello 29Felll; 88(Sii.77Fe!y 23) Os(OH)s corresponding to serpentine-like phase similar to the one
obtained for the domain 2, and for the 2:1 phyllosilicate-like phase it gave
Fellg 4sFeh 10(Si2.80Fe ™1 20)010(OH)2 corresponding to 2:1 type phyllosilicate-like phase. In
summary, the samples obtained in this domain contained phyllosilicate-like phases of

serpentine and 2:1 phyllosilicate type, and possibly hematite, which was detected by Raman

and Mossbauer spectroscopies.

Evolution of pH: correlation with 3 domains of distinct mineralogical composition
The pH of medium was measured after 2 hours of the aging of precursor (pHi) and after the
hydrothermal treatment (pHr). It has to be noted that the pH after the addition of reactants (pHo)
in all samples was higher than pHi. Three domains were identified which differed between them
with respect to the evolution between pHi and pHt (Fig. 5). The identified domains here
correlated to the ones identified with respect to the mineralogical composition in Fig.1.
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Figure 5. Comparison between pH after hydrothermal treatment (pHr) with pH after aging of
precursor (pHj).

In the first domain where pHi < 9.67, the final pH was lower compared to the pHi. It suggested
the consumption of OH-and/or the production of H*. These ions were used in the condensation
reactions resulting in the formation of iron oxides minerals: magnetite, hematite and goethite
(Schwertmann & Cornell, 2000). These phases were identified by different characterization
techniques (Fig. 2). In the second domain, where 9.60 < pHi < 10.75, the pH remained stable

throughout the experiment, and did not change after the hydrothermal treatment. During the
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precipitation reactions, the amount of consumed OH- was then expected to be equal to the
amount of the released OH". This domain corresponded to the precipitation of 1:1 type
phyllosilicate (Fig.3). In the third domain, where pHi > 10.75, the pH after the hydrothermal
treatment increased with respect to the pH after the aging of the precursor. It suggested the
release of OH-, as a result of reactions leading to the precipitation of both 1:1 and 2:1 type
phyllosilicates (Fig.4). It has to be noted that the overall amount of OH" in solution decreased
with respect to the initially introduced amount. However, during the aging of the precursor more
OH- was consumed with respect to what is needed to phyllosilicate precipitation only. It can be
explained by the consumption of OH" to solubilize silica and to associate with iron(II) aqueous
species. This amount of OH" initially consumed was then partially released when the formation
of phyllosilicates occurred.

Theoretical solubility of silica compounds and speciation of dissolved silica species in
function of pH

According to the literature (Gunnarsson & Arnorsson, 2000), the solubility constant of
amorphous silica is 1027 at 298 K. The theoretical solubility for dissolved silica was calculated
from the equation in Table 1, which is represented in Fig.6A. It can be seen then, when pH <
9.0 the amount of dissolved silica is very low, and when pH > 11.6 all the initial amount of

silica is dissolved.
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Figure 6. Theoretical solubility of amorphous silica (A) and speciation of silica aqueous
species (B) as a function of pH at 298 K.

In domain 1, the formation of iron oxyhydroxides was observed. The very low solubility of
silica could explain the absence of well crystallized phyllosilicates, and the presence of residual
amorphous silica. Indeed, an amorphous silica could be a precursor of iron-rich phyllosilicates

(Francisco et al., 2020). The increase of solubility of silica correlated with the presence of
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crystalline phyllosilicate phases in synthesized samples observed in domains 2 and 3. The
availability of dissolved silica species favoured the reactions leading to the precipitation of

phyllosilicates.

Interestingly, that the precipitation of 1:1 phyllosilicate-type was observed only above pH 9.7.
It could be related to the net increase of the solubility of amorphous silica above this value.
However, in domain 1 the precipitation of phyllosilicate of 2:1 type was identified. The
formation of 2:1 phyllosilicate requires more silicon compared to the formation of 1:1 type
phyllosilicate. It has to be noted, that the precipitated 2:1 type phyllosilicate was poorly
crystalline due to the small quantity of silica available. However, despite the low quantity of
silica aqueous species available, 2:1 type phyllosilicate still formed, suggesting that the
solubility of amorphous silica would determine only the crystallinity of phyllosilicate formed,

but not their type.

The lower limit for the formation of 1:1 phyllosilicate-type correlates with silica aqueous
speciation (Fig.6B). From pH 9.7 to 13.2 the main species in solution is trihydrogen
orthosilicate (H3Si04"). Below pH 9.7 the predominant species is silicic acid (H4SiO4). Above
pH 13.2 the dissolved silica is mainly in the form of dihydrogenorthosilicate (H2SiO4%"). The
coincidence of the formation of 1:1 type phyllosilicate with lower limit of predominance of
trihydrogen orthosilicate (H3SiO47) at pH = 9.7 suggests then the presence of this specie in
solution is necessary for the formation of 1:1 phyllosilicate type particles.

Experimental solubility of silica in function of [OH] introduced determined by the measure
of electrolytic conductivity

Conductivity is proportional to the amount of charged species in solution. Indeed, whena given
amount of OH" ions is introduced with 1M NaOH solution, a linear relationship is found (black
filled dots in Fig. 7A). When the same experiment is repeated in the presence of amorphous
silica (empty rectangles in Fig. 7A), a linear trend is also observed, but the conductivity of

solution decreased this time due to the consumption of OH- used to dissolve SiO2.
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Figure 7. Solution conductivity as a function of the amount of OH- introduced (A), and a
comparison between theoretical and calculated solubility of silica (B) as a function of pH at
298 K.

Knowing the amount of OH™ consumed to dissolve SiO2, the amount of [Si]dissolved can then be
calculated (empty circles, Fig. 7B). The dissolved amount of Si thus obtained can be then
compared to the theoretical solubility of silica as a function of pH (black line, Fig. 7B). The
calculated amount of dissolved SiO2 from conductivity measurement, follows the same trend
as the theoretical solubility of silica. The experimental amount of dissolved Si is probably
overestimated between 10 and 11 due to important uncertainties related to the pH
measurements. Above pH 11, the calculated amount of dissolved SiO2 from conductivity
measurement increases similarly as the theoretically predicted amount. The difference between
the experimentally dissolved silica and theoretically predicted should be due to the dissolution
kinetics of SiO2 (Gonget al., 2022). Indeed, the conductivity measurements were done instantly
after the addition of NaOH. The silica dissolution experiment revealed that in addition to silica
solubility and speciation, the kinetics of silica solubility should be taken in consideration as
well. However, this may help to understand which type of phyllosilicate is formed depending
on the amount of dissolved silica. In Domain 11, due to the small amount of silica dissolved, 1:1
phyllosilicate phases are formed, whereas in Domain 111, 2:1 phyllosilicate phases, which need
more silicon, are formed due to a higher amount of silica dissolved. It has to be noted, that
poorly crystalline 2:1 phyllosilicate-like phase formed also in Domain I despite a very small

amount of silica dissolved.

Discussion

Fig. 8 summarizes the mineral phases detected in each domain of pH in the synthesis products.
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Figure 8. Summary of characteristic mineral phases identified in each pH domain.

Although working in air, the results showed that part of Fe ions introduced in the reaction
mixture as iron (IT) sulfate, stayed as Fe(II) throughout the experiment, and was incorporated
as such in neo-formed mineral phases. The presence of hematite in all samples, suggested partial
oxidation of Fe(II) to Fe(III). Different reaction pathways can lead to the formation of hematite
(Schwertmann & Cornell, 2000). It could have formed from goethite during the hydrothermal
treatment, or precipitated in hydrolysis and condensation reactions from Fe(IIl) containing
solution during the aging of the precursor (cf, Supplementary Information reaction 2 and 3) or
by oxidation of magnetite. The presence of hematite thus indicates that some of the Fe(Il)
initially introduced in the reaction mixture underwent oxidation, but it could have happened at
different moments.

The formation of phyllosilicate-like compounds occurred throughout all range of pH, but the
crystallinity and type could be correlated to the solubility and speciation of silica, which in turn
is governed by the solution pH. At acidic pH and weakly basic solution below pH 9, the
solubility of silica is very low and the main species in solution is H4SiO4, and poorly crystalline
Felll-bearing 2:1 phyllosilicate was identified. A possible precipitation equation is given in
Supplementary information, reaction 4. This finding is in agreement with previous studies
regarding glass corrosion, where a 2:1 type phyllosilicate phase (nontronite-like) and/or iron
oxides were identified (Carriere et al., 2021; Kikuchi et al., 2022; Galai et al., 2023). It is
important to note that the 2:1 type phyllosilicate like phase was poorly crystallized and can be
considered amorphous (Fig S1.in Supplementary information). It could be easily overlooked if
the sample is studied by usual characterization techniques such as an X -ray diffractometer with
a copper lamp. In our case we used a high resolution energy dispersive 1-D detector equipment

for XRD to reduce iron fluorescence contribution from the sample. However, the presence of

20

https://doi.org/10.1180/cIm.2024.8 Published online by Cambridge University Press


https://doi.org/10.1180/clm.2024.8

this phase can be an important indicator of an ongoing glass corrosion or be present in silica
rich solution conducting pipes.

Above pH 9, the solubility of silica increases and well crystalline phyllosilicate-like phases
were obtained. The type of the phase could be correlated to the amount of dissolved silica
available and its speciation. The formation of 1:1 phyllosilicate-like phase coincided with the
presence of H3SiO4” species in solution above pH 9.5, and low amount of H4SiO4. A possible
precipitation equation is given in Supplementary Information, reaction (5). Previous studies
(Pignatelli et al., 2014; Tosca et al., 2016; Hinz et al., 2021) have also reported the formation
of serpentine-like phases around this pH, albeit closer to neutral pH, i.e. 7-8.

In basic pH above 11, silica is found in soluble species form mainly as H3SiO4 and in a low
amount as H2SiO4%". It has to be noted that in our experiment, some of Aerosil might not had
dissolved completely due to kinetics. Indeed, conductimetry measurements showed that more
than 6 hours would be needed to solubilize entirely the initially introduced amount of silica.
However, when more important amount of silicon is present in solution in soluble form, both
types of phyllosilicates were observed to form, Fe!ll/Fe!l bearing 1:1 phyllosilicate and Fe!ll/Fe!l
bearing 2:1 phyllosilicate. Possible precipitation equations are given in supplementary
information, reactions (6) and (7). Mdssbauer spectroscopy results could differentiate between
Fe(IT) and Fe(IIl) components, and two Fe(Il) components were identified. However, the
question remains which component would belong to 1:1 and which to 2:1 type phase. Although
the distinction between iron oxides (magnetically ordered) and phyllosilicates (paramagnetic)
is straightforward at low temperature, the fact remains that mixtures of phyllosilicates are prone
to complicate or affect their respective identification on the basis of their paramagnetic
components alone and their oxidation state or Fe atomic environment information (center
shift,CS, and quadrupole splitting, A). Consequently, structural characterization tools (XRD,
TEM) remain essential if samples are not affected by crystallinity problems. The best situation
is to complement the results from Mdssbauer spectroscopy with these mineralogical structural
methods.

In precipitation reactions given in supplementary information, we had assumed that iron was in
a form of Fe?* in solution (we used FeSO4-7H20 as an iron source), but very likely some of
iron was actually in a form of Fe3*. Indeed, the study of Hinz ef al. (2021) mention that the
presence of Fe3™ is necessary to trigger the precipitation of greenalite (1:1 phyllosilicate
belonging to serpentine group). The repartition between Fe?" and Fe*" in precursor solution
would govern the necessity to add O: to the reactants or Hz to the products to establish truly

representative precipitation reactions. In perspective, an exact knowledge of the amount of Fe?*
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and Fe3" in the precursor solution, would allow to establish precipitation equations and give

information about the possible formation conditions of such phases.

Conclusion

The influence of pH for the hydrothermal synthesis of iron-rich phyllosilicates was investigated
in this study. The findings showed that pH governed crystallinity and nature of obtained
phyllosilicate-like phases. Three domains of pH were identified, and correlated with the silica
availability and speciation in the solution: domain [ with pHi<9.67, domain II with
9.67<pHi<10.75 and domain III with pHi>10.75. The formation of 1:1 iron-rich phyllosilicate
coincided with the low presence of H3Si04 aqueous species above pH 9.5. For higher pH and
higher amounts of H3SiO4™ aqueous species, both 1:1 and 1:2 iron-rich phyllosilicate were
found. In future, the knowledge of the quantity of Si, Fe*" and Fe3" in the solution at every stage
of process, would allow a better understanding of phyllosilicate-like phase precipitation

mechanisms.
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