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Abstract

Xonotlite (Ca6Si6O17(OH)2) is a hydrated crystalline calcium silicate with CaO/SiO2

=1,which forms under hy-drothermal conditions at temperature above∼100◦C. It has

good thermal stability, it dehydrates to wollastonite only at 770 to 800◦C and shows

a good resistance to high pressures. Deposits of xonotlite are rare in nature, but it can

easily obtained by hydrothermal synthesis in the temperature range of 180 to 350◦C.

Several studies have been conducted to better understand the formation conditions of

xonotlite in terms of optimum temperature, duration and starting materials, but very

little is known about its solubility under different conditions. The two solubility data

sets available in literature differ by as much as 10 log units with no clear reason for

this difference. The aim of the present study is to determine the solubility of xonotlite

at 20◦C and to compare this data with the available data in literature. To achieve this

goal, solubility experiments fromundersaturationwere carried out at ambient temper-

ature (20◦C). Thermodynamicmodellingwas used to calculate the solubility product of

xonotlite based on the measured total aqueous concentrations. The derived solubility

of xonotlite is comparable to the solubility previous reported for synthetic xonotlite

at 25◦C. The synthesized xonotlite is several log units more stable than the solubil-

ity reported in literature for natural xonotlite, which seems to describe rather the

solubility of amorphous C-S-H.
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Abstrakcyjny

La xonotlite (Ca6Si6O17(OH)2) è un silicato di calico idrato cristallino con un rapporto

CaO/SiO2 = 1, la quale si forma in condizioni idrotermiche a temperature superiori

di ∼100◦C. La xonotlite ha una buona stabilità termica, si disidrata formando wollas-

tonite intorno ai 770–800◦C e ha una buona resistenza alle alte pressioni. I depositi

di xonotlite sono rari in natura, ma è possibile ottenerla facilmente tramite sintesi

idrotermica nel range di temperature tra 180 e 350◦C. Sono stati condotti diversi
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studi per comprendere meglio le condizioni di formazione della xonotlite in termini di

temperature ottimale, durata e materiali di partenza, ma vi sono poche nozioni

riguardanti la sua solubilità in diverse condizioni. I due set di dati sulla solubilità della

xonotlite disponibili in letteratura, differiscono fino a 10 unità logaritmiche senza una

ragione chiara per questa differenza. Lo scopo del seguente studio è stato quello di

determinare la solubilità della xonotlite a 20◦C e confrontare i dati ottenuti con i

pochi disponibili in letteratura. Per raggiungere questo obbiettivo, sono stati condotti

degli esperimenti di solubilità a temperature ambiente (20◦C) a partire da condizioni

di sottosaturazione. Il prodotto di solubilità della xonotlite è stato calcolato tramite

modellazione termodinamica utilizzando le concentrazioni acquose totali misurate. La

solubilità ottenuta della xonotlite risulta essere paragonabile alla solubilità preceden-

temente riportata per la xonotlite sintetica a 25◦C. In particolare, la xonotlite sinte-

tizzata risulta essere piu’ stabile di diverse unità logaritmiche rispetto alla xonotlite

naturale la quale, inevece, sembra descrivere la solublità della fase amorfa C-S-H.

1 INTRODUCTION

Xonotlite (Ca6Si6O17(OH)2) is a hydrated crystalline calcium silicate

with CaO/SiO2 = 1. This mineral was described for the first time by

Rammelsberg in 1866 based on samples found in Tetla de Xonotla

in Mexico [1]. The crystal structure of xonotlite consists of a calcium

polyhedral layer connected to infinite SiO4 double chains arranged as

“dreier-doppelkette” (Figure 1) [2]. This dreier-doppelkette consists of

repeating units of three Si tetrahedra, two joined to give a [Si2O7]-pair,

labelled asQ2 (whereQ indicates tetrahedral silicon and 2 the number

of connected silicon tetrahedra), alternating with a single tetrahedron,

which connects the two pairing tetrahedra to a second silicate chain

forming a bridging Q3 site (bridging tetrahedron connected to other

three tetrahedra).

Xonotlite has a low thermal conductivity, high strength and a

wide temperature range of applications. Xonotlite dehydrates to β-
wollastonite only at 770–800◦C and shows a good resistance to high

pressures [4].

Due to these favorable properties, one of the main uses of xonotlite

is the production of lightweight boards for heat insulation [5]. Xonotlite

is also used by the gas and oil industry and in long-termnuclear storage

facilities as material resistant to extreme conditions in terms of tem-

perature and pressure [6, 7]. Xonotlite is also one of the main phases

forming in reactive powder concrete (RPC) [8].

F IGURE 1 Representation of an idealized xonotlite crystal
structure whereQ2/Q3 = 2. Adapted from [3].

Deposits of xonotlite are rare in nature. They usually occur as veins

associated with other calcium silicates such as wollastonite and tober-

morite, or as hornfels mineral in calc-silicate rocks. However, xonotlite

can easily be obtained fromhydrothermal synthesis in the temperature

range of 180–350◦C. Several studies have been conducted to better

understand the formation conditions of xonotlite in terms of optimum

temperature, duration and starting materials [6, 9–11]. Many studies

focused on the use of different sources of SiO2 during the xonotlite

synthesis [5, 12–14]. Coarse particles of SiO2 dissolve slowly favoring

the initial formation of α-C2SH,which gradually converts into xonotlite

with time. In contrast, small particles of SiO2 dissolve fast forming

initially tobermorite (Ca5Si6(OH)O16.5⋅5H2O), which converts rapidly

to xonotlite [13].

The solubility of xonotlite under different conditions is poorly

known. Only two measured solubility data sets are available in lit-

erature [15, 16], and they report a solubility product (KS), which

differs by as much as 10 log units without any clear reason for this

difference.

The goal of the present study is to determine the solubility of

xonotlite and to compare this data set with the available data in lit-

erature regarding the solubility of xonotlite at different temperatures

[15, 16]. Solubility experiments from undersaturation were carried

out at 20◦C. Thermodynamic modelling was used to calculate the

solubility product of xonotlite based on the measured total aqueous

concentrations.

2 MATERIALS AND METHODS

2.1 Synthesis procedure

Xonotlite was synthesized at 180◦Cunder hydrothermal conditions. In

a first step, SiO2 (Aerosil 200, Evonik) and CaO were homogenized as

powder at a molar Ca/Si= 1 in 250 mL PET vessels. CaOwas obtained
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TABLE 1 Chemical composition obtained by XRF of the raw
materials used for the xonotlite synthesis. LOI= loss on ignition,
TC= total carbon content.

Composition SiO2 (wt.%) CaCO3 (wt.% )

SiO2 97.61 0.47

Al2O3 <0.11 0.17

Fe2O3 <0.04 0.03

Cr2O3 0.005 <0.003

MnO 0.014 0.014

TiO2 <0.019 <0.019

P2O5 <0.017 0.022

CaO <0.05 55.08

MgO <0.08 0.38

K2O <0.03 <0.03

Na2O <0.06 <0.06

SO3 <0.04 0.08

LOI 2.22 43.65

CO2 0.51 43.04

by calcination of CaCO3 (EMD Millipore Corporation) at 1000◦C for

10 h. The chemical compositions of the raw materials are reported in

Table 1. In a second step, 60 mL of milli-Q water were added to obtain

a water/solid ratio of 15 by mass. The suspension was mixed with a

spatula for about a minute and then stored for 4 h on a horizontal

shaker with a rate of 100 rounds per minute at 20◦C to allow the

formation of C-S-H (calcium silicate hydrate) gel. In a third step, the

gel was transferred into a 100 mL autoclave and stored in an oven

at 180◦C under hydrothermal conditions for 3 days to obtain pure

xonotlite.

2.2 Solubility measurements

To determine the solubility from undersaturation, ten batches (two

replicates for five reaction times), each containing 2 g of xonotlite and

200mLofmilli-Qwater,were prepared. The sampleswere equilibrated

at 20◦C on a horizontal shaker at moving 100 round perminutes. After

1, 7, 28, 56 and 120 days, two replicates were filtrated in a vacuum

flask through a 0.45 µm nylon filter in a glove box filled with N2 tomin-

imize carbonation of the samples. After filtration, both the liquid and

the solid phase were collected and then analyzed. The solid part was

freeze-dried and then slightly groundwith amortar prior to analyses.

2.3 Solid characterization

X-ray diffraction (XRD) measurements were carried out on powder

samples prepared by backloading using 16 mm samples holders. XRD

diffraction patterns were collected in a 2θ-range of 5–75 ◦ with a

PANalytical X’Pert Pro instrument in Bragg-Brentano geometry and

equipped with the X’Celerator detector. CuKα1 radiation was used

together with the following settings: mask of 10 mm, fixed anti scatter

slit of 1◦, current of 40mA and tension of 45 kV.

Thermogravimetric analyses (TGA) were performed with a Met-

tler Toledo instrument under N2 atmosphere. Approximately 30 mg of

ground samplewere filled in a 150µL alumina crucible andheated from

30 to 980◦C at a heating rate of 20 K/min under N2.

Fourier Transformation-Infrared (FT-IR) measurements were done

with a Bruker Tensor 27 FTIR spectrometer instrument. The spectra

were collected in transmittance state by averaging 32 scans from 340

cm−1 to 4000 cm−1 with a resolution of 4 cm−1.

2.4 Liquid characterization

After filtration with a 0.2 µm nylon filter, 10 mL of the solution were

collected and diluted by a factor of 1:2, 1:5 and 1:10with 2%ultra-pure

HNO3 solution. The total con- centration of Si and Ca were deter-

mined by inductively coupled plasma-optical emission spectrometry

(ICP-OES). An MY19451002 ICP-OES instrument with a plasma flow

of 12 L/min and a nebulizer flow of 0.7 L/min was used.

The undiluted solutions were used to measure the pH with a Knick

pHmeter (pHMeter 766) equipped with a Knick SE100 electrode. The

measurement was performed at laboratory temperature (20–23◦C).

The calibrationwas done by the generation of a calibration curve of pH

versus the measured electrochemical potential (mV) based on a series

of standard solution.

2.5 Thermodynamic modelling

The total concentrations of Si and Ca in solution and the corrected pH

values were used to calculate the activities of Ca2+, HSiO3
– and OH–

in equilibrium with xonotlite similar to the procedure described in a

previous study on Al-tobermorite [17].

The calculations were performed with GEMS-Selektor v.3. GEMS is

a geochemical modelling code which calculates the equilibrium speci-

ation in a chemical system by using Gibbs free energy minimization

algorithms [18]. It is based on a general thermodynamic database

which provide thermodynamic data formost aqueous and solid species

[19], which has been completed with a dedicated database for cement

minerals [20].

The dissolution reaction of xonotlite was formulated using themain

species relevant at the pH investigated, Ca2+, HSiO3
– andOH–:

Ca6Si6O17(OH)2 + H2O↔ 6Ca2+ + 6HSiO−
3
+ 6OH− (1)

Based on this reaction (Equation (1)) the solubility product of

xonotlite CaSiO2.83(OH)0.33 normalized to 1 Si was calculated accord-

ing to Equation (2):

log(KS0) = log({Ca2+}) + log({HSiO−
3
}) + log({OH−}) − 5∕6

log
(
{H2O}

) (2)
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TABLE 2 Thermodynamic data and solubility products of xonotlite (Ca6Si6O17(OH)2) used for the thermodynamic modelling with GEMS.

Cp S ΔfG ΔfH

log(Ks)* (J/mol K) (J/mol K) (kJ/mol) (kJ/mol)

Babushkin [17] −8.51 548.3 507.52 −9453.33 −10027.79

Dickson [10] −9.00

Hong [11] −10.40

*Solubility product reported for 25◦C and normalized for 1mol of Si.

where {i}= γ⋅ci. {i} is the activity of the species, γ the activity coefficient
and ci the concentration of the species i calculated with GEMS. The

activity coefficients were obtained from the extended Debye-Hückel

equation (Equation (3)):

log 𝛾i = −
Ayz

2
i

√
I

1 + Byay
√
I
+ byI (3)

ay corresponds to 3.72 Å and by to 0.64 for a NaCl solution [21], zi is

the charge of the species i, I is the effective ionic strength, and Ay and

By are Debye-Hückel solvent parameters.

The temperature dependence of the solubility product was calcu-

lated with GEMS using the built-in three term temperature extrapola-

tion (Equation (4)) [22].

logKT = A0 + A2T−1 + A3lnT (4)

where A0, A2 and A3 are constants which can be calculated from the

standard value of entropy, enthalpy and heat capacity of the reaction

[23]. Heat capacity (Cp) and entropy (S0) were taken from Babushkin

et al. [24] as reported in Table 2.

3 RESULTS AND DISCUSSION

3.1 Solid phase analyses

Figure 2a reports the diffraction patterns of the solid phases collected

before re-dissolution and those following the filtration conducted after

1, 7, 28, 56 and 120 days to see whether any changes in the crystalline

structure or in the phases assemblage occurred. All the samples are

well crystalline and no evident differences can be detected over the

dissolution time, indicating the stability of xonotlite at 20◦C. The first

reflection on the diffraction pattern at around 2θ= 10◦ represents the

interplanar distance of xonotlite (200), which is perpendicular to the a

axis [6]. The second reflection (at around 2θ = 12.5◦) represents the

interplanar distance of the crystallographic plane (001), perpendicular

to the c axis [25, 26], which corresponds to the basal spacing of the

xonotlite crystal structure, where the bridging Si tetrahedra (Q3) are

located. The interlayer distance (d-spacing) of the xonotlite was esti-

mated based on the position of the 001 reflection by using Bragg’s

law and shown in Figure 2b. It is possible to see some variation in the

d-value; a decrease until 28 days followed by an increase, suggesting

F IGURE 2 (a) Diffraction patterns of the xonotlite samples before
(0d) and after dissolution. (b) d-value of xonotlite as a function of the
equilibration time. Reported values are themean of two independent
batches filtrated at the same time.

a rearrangement of the crystal structure during the undersaturation

experiment.

Another small change in the diffraction pattern is observed due to

the formation of a small amount of calcite as evidenced by the signal

at 2θ = 29.4◦. This is due to the ingress of some CO2 during equili-

bration and the drying procedure which lead to the formation of some

CaCO3. Depending on the temperature and on the concentration of Si

and Ca in the solution, the presence of CO2 can stabilize the formation

of spurrite, scawtite and CaCO3 [27]. At ambient temperature (20◦C),

the stability range of calcite is large compared to those of spurrite and
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242 MINGIONE ET AL.

F IGURE 3 TGA and differential TG (DTG) data for the xonotlite
before and after dissolution.

F IGURE 4 Amount of CaCO3 in wt.% calculated from the TGA
results reported in function of the dissolution time.

scawtite, which could explain why only the formation of calcite has

been observed.

The formation of some CaCO3 is also detectable in the TGA results

(Figure 3). Plain xonotlite loses weight in two temperature ranges. The

weight loss between 30 and 200◦C can due to both the loss of (loosely)

molecular water or to the presence of very small amount of C-S-H,

while the loss between 700 and 850◦C indicates the dehydration of

xonotlite into β-wollastonite (CaSiO3) [4].

The weight loss between 600 and 700◦C is due to the loss of

CO2; this weight loss shows little variation with equilibration time,

which seems to indicate that the carbonationmainly occurred after the

dissolution tests during the drying of the samples (Figure 4).

Figure 5 shows the FT-IR spectra of the xonotlite as a function

of equilibration time. The Si-O bonds characteristic for the xonotlite

structure [28] are observed, whichmakes xonotlite easily recognizable

in the infrared spectra. The region from 400 cm–1 to 800 cm–1 shows

signals due to bending vibrations of water and of the O-Si-O groups

in the dreier-doppelketten. The region from 800 cm–1 to 1300 cm–1

exhibits the signals of stretching vibrations of Si-O groups [29]. In the

region from 3300 cm–1 to 3800 cm–1 (data not shown), the absorp-

F IGURE 5 (a)FT-IR spectra for the xonotlite samples before and
after undersaturation experiments. The intensity of the bands is
normalized for the intensity of the signal at 966 cm-1. (b)Measured
total concentration of Ca and Si for both series, reported as a function
of the equilibration time. The relative error of themeasurements is
around 1% of themeasured concentration and thus smaller than the
symbol size.

tion bands are related to the stretching vibrations of O-H in hydroxide

groups water.

The bands at 453 cm–1 and 533 cm–1 are assigned to bending defor-

mations of Si tetrahedra [30]. The band at 605 cm–1, 632 cm–1 and

669 cm–1 are assigned to the O-Si-O bending vibration of the Si3O10

units. The signals at 966 cm–1 and 1077 cm–1 are identified as the Si-

O stretching vibrations of theQ2 silica, while the signal at 1200 cm–1 is

related to Si-O stretching vibration ofQ3 silica [30]. The intensity of the

Q3 and Q2 stretching shows some small variations, suggesting a rear-

rangement of the crystal structure in agreementwith theXRDanalysis.

Therefore, the FTIR data indicate that no new, additional phases had

formed during the experiment, in particular no indication of formation

of amorphousC-S-Hwas observed as shownby the absence of aQ1 sig-

nal at 800 cm–1 and the absence of the broadening of the signal at 1100

cm–1, which would be typical for C-S-H [31].

3.2 Liquid phase analyses

The Si concentrations (Figure 6) show some variations between the

two series, while there is less variation observed for the Ca concen-

trations. The two xonotlite batches have been prepared independently,

which could be the reason for the observed differences. The con-

centration of both Ca and Si stabilizes after 28 days of dissolution

experiments, suggesting that the equilibrium has been reached.

Based on the total measured concentrations of Ca and Si and the

pH values (Figure 7), the solubility product was calculated with GEMS

using Equation (2), and normalized to 1 Si (division by 6) to ease

comparison with C-S-H. Figure 8 shows that the solubility product is

increasing during the first 28 days, and is then stabilizing, indicating the
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MINGIONE ET AL. 243

F IGURE 6 Measured total concentration of Ca and Si for both
series, reported as a function of the equilibration time. The relative
error of themeasurements is around 1% of themeasured
concentration and thus smaller than the symbol size.

F IGURE 7 Measured pH for both series reported as a function of
the equilibration time.

achievement of the equilibriumas suggestedby thedevelopment of the

Ca and Si concentrations.

The average of the solubility products measured after 28 days and

longer corresponds to log Kso = −10.4±0.69. The solubility product

obtained in this study at 20◦C is comparable to the one derived from

the concentrations reported in Hong [16] for synthetic xonotlite at

25◦C as shown in Figure 9. Both follow the expected trend of the

solubility product with temperature obtained by thermodynamic mod-

elling using the heat capacity, Cp, and entropy, S0, values reported

F IGURE 8 Calculated solubility product of xonotlite,
CaSiO2.83(OH)0.33: log({𝐶a

2+})+ log({𝐻𝑆i𝑂3
−})+ log({𝑂𝐻

−})− 5/6 ∙

log({𝐻2𝑂} at 20◦C of each batch as a function of the dissolution time.

F IGURE 9 Measured solubility product of xonotlite as a function
of temperature based on the data reported in this study, compared to
the solubility of synthesized xonotlite (Hong [16]) and the solubility at
25 and 55◦C of natural xonotlite reported in Dickson et al. [15]. The
solubility product of xonotlite is also calculated based on the dataset
given in Babushkin et al. [24] as well as based on the datameasured
here, combinedwith the same set of Cp and S data [24]. For
comparison the solubility product of C-S-Hwith Ca/Si= 1 based on
the CHSQmodel fromKulik [32] is also plotted. All solubility products
are normalized to 1 Si.

by Babushkin et al. [24] (see Table 1). The concentrations reported

by Dickson et al. [15] for a natural xonotlite sample indicate a lower

xonotlite stability (less negative solubility product) compared to Hong

[16] and this study. The solubility products derived from the data of

Dickson et al. [15] are in the same range as the solubility product of

amorphous C-S-H with Ca/Si = 1 derived from the CHSQ model [32].

Dickson et al. [15] measured the solubility of natural xonotlite sam-

ples at different temperatures, without reporting detailedXRDor FTIR

data of the samples (except stating that the mineral was identified

as xonotlite). It seems well possible that the natural xonotlite sample

contained in addition some amorphous C-S-H, whichwould have domi-

nated their solubility experiments due to its higher solubility and as the

precipitation of xonotlite is kinetically hindered at room temperature.

The good agreement of the xonotlite solubility measured by Dickson

et al. [15] with the C-S-H solubility supports that assumption.
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244 MINGIONE ET AL.

It also should be noted, that a more negative solubility product

of xonotlite than of C-S-H indicates that xonotlite is more stable

at ambient conditions, which is in agreement with the experimen-

tal observation in this study, where no formation of C-S-H has been

observed.

4 CONCLUSION

In this study the solubility of xonotlite was studied at ambient condi-

tions by analyzing both the solutions and the solids from undersatura-

tion experiments.

The solid phase characterization underlines the stability of xonotlite

at ambient temperatures. Up to 180 days of exposure to water only

some minor rearrangement in the crystal structure has been observed

by XRD, but not the formation of new phases. However, the formation

of a low amount of CaCO3 has been observed, indicating a tendency to

carbonation in the presence of both water and CO2.

The solubility data indicate that after 28 days of dissolution

from undersaturation an equilibrium between xonotlite and the

aqueous phase has been reached. A solubility product of xonotlite

(CaSiO2.83(OH)0.33) of log Kso = −10.4 ± 0.69 has been determined,

which agrees well with the only other experimentally observed sol-

ubility product of synthetic xonotlite. The value reported for natural

xonotlite (Dickson et al. [15]) is considerably less negative and coin-

cides with the solubility of amorphous C-S-H with Ca/Si = 1, which

might have been present in the natural xonotlite.
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