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Abstract—Two-stage method for synthesis of β-wollastonite via reaction of calcium hydroxide and silica formed 
from silicate layers of serpentine and calcination of the resulting compounds was examined. It was found that the 
specifi c structural features of the silica used for this purpose make it possible to avoid a many hours’ autoclave 
treatment and obtain such amorphous calcium hydro- and hydroxo-silicates that are converted under annealing, 
beginning at 800–810°C, to β-wollastonite by mixing a suspension of Ca(OH)2, SiO2, and H2O heated to its boil-
ing point under atmospheric pressure. The optimal synthesis parameters, molar ratio of the starting substances 
and agitation duration, are determined.
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Owing to a number of properties, namely, small thermal 
expansion coefficient, shrinking, heat conductivity, 
dielectric properties, and high whiteness, synthetic 
β-wollastonite (β-CaSiO3) finds wide application in 
various industries. It is used in ceramic industry, foundry 
engineering, in manufacture of plastics, paints and 
fi nishing materials, insulating ceramic materials, and 
paper, as well as in prosthetics (artifi cial joints, tooth 
fi lling materials) [1–8].

One of the most widely methods for obtaining 
β-wollastonite is the two-stage technique based on 
hydrothermal treatment of the Ca(OH)2–SiO2–H2O 
system and calcination of the resulting compounds, which 
requires autoclave conditions, many hours’ treatment, 
and, accordingly a gross energy expenditure [9–17]. It 
should be noted that the conventional forms of SiO2 
(quartz, diatomites, various siliceous industrial wastes, 
etc.) are commonly used to obtain β-wollastonite and such 
a gross energy expenditure is necessary for the production 
of intermediate calcium hydro- and hydroxo-silicates with 
chain structure, e.g., tobermorite [Ca5Si6O16(OH)2·4H2O 
or Ca5Si6(O,OH)18·5H2O] or xonotlite [Ca6Si6O17(OH)2], 
to be formed from silicon dioxides.

However, a new approach to the acid treatment of 
thermally treated serpentines (Mg(Fe))6[Si4O10](OH)8 

made it possible to obtain amorphous silica that strongly 
differs in its specifi c structural features from the known 
conventional forms of SiO2 and can signifi cantly simplify 
the process of obtaining β-wollastonite [18, 19].

Serpentines [Mg(Fe)]6(Si4O10)(OH)8 belong to phyl-
losilicates. The structure of these silicates can be rep-
resented as a 2D connection of two kinds of geometric 
shapes: tetrahedron and octahedron. Silicon atoms lie at 
the center of tetrahedra of the silicon-oxygen or silicate 
layer, with the octahedral layer containing magnesium 
ions. The silicate layer of serpentines was formed under 
hydrothermal conditions at temperatures below 500°C 
in a “serpentine-forming” solution via polycondensa-
tion of hydrated silicic acids preliminarily formed from 
ortho-[SiO4]4– and meta-[(SiO3)2–]n silicate anions that had 
passed into solution via dissolution of olivine (Mg,Fe)2SiO4 
and pyroxenes (Mg,Fe)2Si2O6, respectively [20].

A detailed analysis of the thermal decomposition of 
serpentines has demonstrated that, during the thermal 
treatment, the dehydroxylation process of the mineral 
is accompanied by partition of the silicate layer into 
various anions [21, 22]. The new approach to the acid 
treatment of a dehydrated mass of serpentine makes it 
possible to easily separate ortho-[SiO4]4–, di-[Si2O7]6–, 
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and other oligosilicate anions from the silicate layer and 
transfer these anions into solution in the form of silicic 
acids, together with iron(III) and magnesium compounds 
[23]. The remaining fragments of the silicate layer of 
serpentine, in which metasilicate chains predominate, 
are easily separated from solution and unreacted part by 
decantation and fi ltration [24]. In the end, the precipitate 
remaining on the fi lter upon fi ltration is amorphous silica 
mostly constituted by metasilicate chains that passed 
into the silicate layer from pyroxenes when serpentine 
was formed.

Taking into account the above specifi c structural 
features of the new unconventional form of amorphous 
silica and the fact that the wollastonite structure is also 
composed of infi nite (SiO3)n chains, we examined the 
interaction of this silica with Ca(OH)2.

The goal of our study was to determine the optimal 
parameters for synthesis of calcium silicates and examine 
the synthesized product by differential-thermal (DTA) 
and X-ray phase (XRPD) analyses, IR spectroscopy, and 
scanning electron microscopy (SEM).

EXPERIMENTAL

The silica-containing amorphous precipitate with 
98% purity was produced from a serpentine sample taken 
from the Shorzha (Armenia) by the procedure developed 
in [24].

Calcium oxide CaO of 8677-76 brand and pure grade, 
preliminarily kept at 100°C for 0.5 h, was used as raw 
material for obtaining calcium hydroxide Ca(OH)2.

Five samples of the suspension were prepared from 
amorphous silica produced from serpentine, CaO and 
H2O. For this purpose, a reaction vessel was charged with 
weighed portions of silicon dioxide and calcium oxide 
taken in CaO : SiO2 molar ratios (for brevity C : S in what 
follows) of 1.2 : 1, 1 : 1, 1 : 1.2, 1 : 1.4, and 1 : 1.6 and 
these were suspended in distilled water at solid-to liquid 
phase ratio S : L = 15 : 1. Then the resulting suspension 
was heated to the boiling point (95°C) and agitated with 
a mechanical rabble for 1.25 h. The slurry formed upon 
treatment of each sample was separated from solution by 
fi ltration through a paper fi lter and washed with distilled 
water. The resulting sediment was kept at 60–80°C for 24 h 
in a Premed KBC G-100/250 drying box (Warsaw, Poland).

Each of the fi ve dried samples was subjected to DTA 
from room temperature up to 1000°C and the cooled to 

room temperature and examined by XRPD. Based on 
the experimental data, we determined the optimal ratio 
between the starting compounds. After that six samples 
of new suspensions formed at the optimal C : S ratio and 
S : L = 15 : 1 were newly prepared and then treated, this 
time for 0.25, 0.5, 1, 1.5, 2, and 2.5 h. The compounds 
synthesized were again separated from solution and 
examined by the method described above. The results 
obtained were used to determine the optimal duration of 
suspension agitation.

It should be noted that the mass of the samples under 
study was 300 mg for DTA and 220–240 mg for XRPD.

The product we synthesized was examined by IR 
spectroscopy and SEM.

The DTA was made with an MOM Q-1500 
derivatograph (Hungary) in air at a heating rate of 
10 deg min–1.

The XRPD was made on a DRON-3 diffractometer 
(Russia) with CuKα radiation and a nickel filter. 
Measurements were made at angles 2θ = 8–80° at 22°C 
in air. The counter motion rate was 2 deg min–1. All the 
refl ections were identifi ed with JCPDS-ICDD (2004) 
computer database.

The IR spectrum of the synthesized substance was 
obtained with a Nicolet/NEXUS Fourier IR spectrometer 
(United States) in the range 650–1600 cm–1 with 
resolution of 2 cm–1.

The microstructure of the compound synthesized in 
the study was determined with a Tesla BS-300 electron 
microscope (Czech Republic).

RESULTS  AND  DISCUSSION

It should be noted that all the samples synthesized 
from CaO and SiO2 taken in various molar ratios by 
treatment at 95°C under atmospheric pressure are in the 
amorphous state.

Irrespective of the molar ratio C : S between the 
starting substances, the DTA curves of all the samples 
treated for 1.25 h show a number of endothermic 
effects below 800°C and a strong exothermic effect 
at temperatures in the range 800–835°C (Fig. 1). The 
endothermic effects observed at low temperatures (100–
210°C) are due to the removal of adsorbed and crystal 
water from calcium hydroxosilicates synthesized in the 
study, and those at 600–800°C are in all probability due 
to the dehydroxylation of hydroxyl OH groups contained 
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in calcium hydrosilicates, followed by the formation and 
removal of constitutional water. This is also confi rmed 
by the loss of mass in the TG curve. The differences 
between the intensities and temperatures of minimum 

of the endothermic effects in the DTA curves of all the 
samples can be attributed to the different contents of water 
and OH groups in the amorphous calcium hydro- and 
hydroxo-silicates being synthesized.

The endothermic effect of comparatively low intensity 
with minimum at 500°C in the DTA curve of the sample 
with C : S = 1.2 : 1 is due to the decomposition of the 
unreacted excess amount of Ca(OH)2 (Fig. 1, I) [25, 26]. 
This is also confi rmed by the XRPD data: the X-ray 
diffraction pattern of this sample shows refl ections of 
CaO (Card 82-1690), which is one of products of this 
decomposition (Card 82-1690) (Fig. 2, I).

The DTA curves of all the samples show in the 
temperature range of 350–360°C a weak exothermic 
effect with the same intensity. The fact that this effect is 
preceded by the removal of adsorbed and crystal water 
means that, in all probability, it results from densifi cation 
of the amorphous mass of the substance, caused by release 
of water (Fig. 1).

After the constitutional water is released, the DTA 
curves of all the samples exhibit a clearly pronounced 
precipitous exothermic effect (Fig. 1), which, according 
to the XRPD data, is mostly due to the processes in which 
calcium silicates are formed, namely, β-wollastonite and 
monoclinic larnite (Ca2SiO4) (Card 83-0460) (Fig. 2). It 
should be noted that, because the refl ections characteristic 
of polymorphic modifications of β-wollastonite are 
identical to those of its monoclinic (Card 84-0654) and 
triclinic (Card 84-0655) modifi cations, the fi nal product 
being synthesized can be regarded as a variety of these 
modifi cations or a mixture of these [27]. The X-ray 
diffraction patterns of the samples with C : S = 1.2 : 1 
and 1 : 1 show the strongest refl ections of larnite and 
weaker refl ections of β-wollastonite (Fig. 2, I and II). 
As the concentration of silica in the starting mixture is 
raised, the amount of β-wollastonite being synthesized 
increases and that of larnite decreases, which is indicated 
by the rise in the intensity of the refl ections caused by 
the formation of β-wollastonite and disappearance of 
those characteristic of larnite in the X-ray diffraction 
patterns of the samples with C : S of 1 : 1.2, 1 : 1.4, 
and 1 : 1.6 (Fig. 2, III–V). The refl ections of cristobalite 
SiO2 (Card 85–0621), observed in the X-ray diffraction 
pattern of the sample with C : S = 1 : 1.6, indicate that the 
excess amount of silica, not involved in the formation of 
calcium silicates, crystallizes under heating (Fig. 2, V). 
Summarizing the data obtained, we can conclude that the 
most optimal ratio between CaO and SiO2, at which the 
yield of β-wollastonite is the highest, is C : S = 1 : 1.4.

Fig. 1. DTA curves for samples produced by agitation for 
1.25 h of a boiling aqueous suspension of CaO and SiO2. 
(Δm) Loss of mass and (T) temperature; the same for 
Fig.  3. C : S molar ratio: (I) 1.2 : 1, (II) 1 : 1, (III) 1 : 1.2, 
(IV) 1 : 1.4, and (V) 1 : 1.6; the same for Fig. 2.
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The DTA curves of the sample with C : S = 1 : 1.4, 
treated during various intervals of time and measured 
up to a temperature of 800°C, also exhibit endothermic 
effects associated with the release of adsorbed and con-
stitutional water and also an exothermic effect caused by 
densifi cation of the amorphous mass upon the removal of 
adsorbed water (Fig. 3). The intensity of the exothermic 
effect above 800°C, associated with the formation of 
β-wollastonite, grows as the treatment duration increases 
to 2 h (Fig. 3, I–IV), with the highest intensity peak ob-
served for calcium hydro- and hydroxo-silicates obtained 

upon a two-hours’ treatment of the starting mixture (Fig. 
3, V). The XRPD data also confi rm that 2 h of agitation of 
a suspension heated to 95°C provide the largest amount 
of β-wollastonite being synthesized: the highest intensity 
refl ections characteristic of β-wollastonite are observed 
in the X-ray diffraction pattern of the sample treated for 
2 h (Fig. 4, V). In the DTA curves of samples treated for 
less than 2 h, the exothermic peak at above 800°C has a 
lower intensity (Fig. 3, I–IV), and the X-ray diffraction 
patterns of the fi nal products obtained in the study show, 
in addition to the refl ections of β-wollastonite, strong 

Fig. 2. X-ray diffraction patterns of samples obtained as a 
result of DTA of compounds synthesized from CaO and SiO2. 
(2θ) Bragg angle; the same for Fig. 4. (1) β-Wollastonite, 
(2) larnite, (3) calcium oxide, and (4) cristobalite.

Fig. 3. DTA curves for samples produced by agitation of a 
boiling aqueous suspension of CaO and SiO2 with C : S = 1 : 
1.4. Agitation duration (h): (I) 0.25, (II) 0.5, (III) 1, (IV) 1.5, 
(V) 2, and (VI) 2.5; the same for Fig. 4. 
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peaks associated with the formation of larnite (Fig. 4, I–
IV). These data demonstrate that the comparatively low 
intensity of the exothermic peak in the DTA curves of 
samples treated for less than 2 h is due to the superimpo-
sition of the β-wollastonite synthesis with the process of 
larnite production, the formation of whose crystal lattice 
also occurs with heat release, which is, however, inferior 
to the energy released when β-wollastonite is formed. 
Raising the treatment duration to 2.5 h has no signifi cant 
effect on the yield of β-wollastonite; by contrast, this leads 
to its slight decrease, which follows from the exothermic 
effect with comparatively low intensity in the DTA curve 
(Fig. 3, VI) and from β-wollastonite refl ections in the 
X-ray diffraction pattern of the corresponding sample 
(Fig. 4, VI).

The fact that β-wollastonite is formed is also confi rmed 
by IR spectroscopic data. The IR absorption spectrum of 
the fi nal product synthesized from a sample with C : S = 
1 : 1.4 upon treatment for 2 h is identical to the absorption 
spectrum of β-wollastonite: it demonstrates six principal 
bands of β-wollastonite with wave numbers of 1067.3, 
1026.2, 1012.2, 958.1, 935.5, and 898.8 cm–1, associated 
with asymmetric (SiOSi, O–SiO–) and symmetric (O–
SiO–) stretching vibrations, and two medium-intensity 
bands at 682 and 650 cm–1, related to symmetric 
stretching vibrations of SiOSi bridges (Fig. 5) [28].

It can be seen in the SEM micrograph of the fi nal 
product that the β-wollastonite crystals being synthesized 
have an acicular habit (Fig. 6).

CONCLUSIONS

It follows from the experimental data that presence of 
metasilicate chains that passed into the structure of the 
used amorphous silica from serpentines, substantially 
facilitates and technologically simplifi es the process in 
which β-wollastonite is synthesized: without many-hours’ 
autoclave treatment, by simple agitation of a suspension 
composed of CaO, SiO2, and H2O, heated to the boiling 
point, the synthesis yields amorphous calcium hydro- and 
hydroxo-silicates that are transformed to β-wollastonite 
with acicular crystals on being annealed at temperatures in 

2θ, deg

Fig. 4. X-ray diffraction patterns of samples synthesized as a 
result of DTA of compounds preliminarily produced by agitation 
of a boiling aqueous suspension of CaO and SiO2 with C : S = 
1 : 1.4.  (1) β-Wollastonite and (2) larnite.

Fig. 5. IR spectrum of a fi nal product obtained as a result of DTA 
of a sample preliminarily synthesized via two-hours’ treatment 
of a boiling aqueous suspension formed from a starting mixture 
of CaO and SiO2 with C : S = 1 : 1.4. (a) Absorption and 
(ν) wave number.

ν, cm–1
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Fig. 6. Microstructure of the fi nal product obtained as a result 
of DTA of a sample preliminarily synthesized via two-hours’ 
treatment of a boiling aqueous suspension formed from a starting 
mixture of CaO and SiO2 with C : S = 1 : 1.4.

20 μm

the range 800–835°C. The highest yields of β-wollastonite 
are provided in the case of calcination of amorphous 
calcium hydro- and hydroxo-silicates synthesized from 
a suspension prepared from a starting mixture with C : 
S = 1 : 1.4 at S : L = 1 : 5, treated for 2 h. At other C : S 
ratios, undesirable by-products are formed: larnite, calcium 
oxide, cristobalite. Making the treatment duration longer 
is inadvisable, and making it shorter results in that larnite 
is formed.

The study is of particular interest and creates 
prerequisites for development of an energy-saving 
cost-effective method for obtaining β-wollastonite with 
acicular habit of crystals on the basis of silica formed 
from silicate layers of serpentine.
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