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In the paper the interaction between silica hydrogel species recovered from serpentine
minerals (Mg(Fe))s[SisO10](OH)s and calcium hydroxide Ca(OH), in aqueous medium by stirring in air
at ambient pressure has been studied. The present research was aimed to investigate the effect of
stirring time and the silica hydrogel aging on the yield of B-wollastonite produced by the heat-
treatment of intermediates which had been precipitated in the boiling aqueous suspension prepared
from the mentioned reagents. The data derived from the experiments have revealed that the portion
of B-wollastonite in the products is variable and depends on the stirring time and the silica hydrogel
aging. The replacement of the freshly synthesized silica hydrogel with the same one aged for six
months’ time leads to increase in stirring time from 15 min up to 120 min in order to achieve the
higher yields of B-wollastonite.

Figs. 4, references 10.

A novel nontraditional approach to the chemical processing of dehydrated
serpentinites’ has allowed producing a silica hydrogel containing about 7 % of
amorphous silicon dioxide SiO, [1]. The silica hydrogel is synthesized by the
polycondensation of silicic acids formed from ortho- [SiOJ*, di-[Si,0:]°,

! Serpentinite is a rock largely composed of serpentine group minerals
(Mg(Fe))s[SisO10](OH)g belonging to phyllosilicate group, layer-type silicates or sheet
silicates in other words.
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[Sis010]*, [Sis0]™ and other silicate anions less polymerized and having
oligomeric dimension which have been leached from the dehydrated silicate
sheets of serpentine minerals [2].

Recent studies have shown that this silica hydrogel can not only be
successfully used as a raw material for the production of a number useful
silicate materials such as strontium and barium silicates but it also essentially
simplifies the first stage of intermediates precipitation and decreases the
temperatures of intermediates crystallization into final products on heating
thereby streamlining the whole procedure of their syntheses [3, 4].

These findings suggest that the involvement of the silica hydrogel in the
precipitation process which will be performed by stirring of the boiling aqua
solution prepared from the silica hydrogel and calcium hydroxide Ca(OH), is
likely to facilitate the technology for calcium silicates production, particularly p-
wollastonite (B-CaSiOs), which is an interesting material for various domains of
a modern engineering [5, 6].

For B-wollastonite synthesis, two routes are traditionally applied: (i) the
solid state reaction between calcium carbonate CaCO; or dolomite
CaC05;'MgCO; and silicon dioxide SiO, within the temperature range of 1100-
1350°C and (ii) the hydrothermal treartmeat. In the hydrothermal method, in the
first stage, calcium silicate hydrates are produced by an hours-long
hydrothermal treatment (2—7 hours) of an aqueous mixture of a source of CaO
and SiO,; in the second stage, these calcium silicate hydrates are transformed
into B-CaSiO; by annealing in the temperature range of 800-1150°C for hours
(2-8 hours) [7, 8]. All these methods suggest either high temperature or
autoclave treatment as well as a long process duration, and thus are great energy
consuming.

It is well known that because of some structural redistributions and
arrangements taking place between silica monomers, oligomers or particles in
silica constituting gels during aging, silica gels are considered to be unbalanced
systems [9, 10]. For this reason, balance disturbance of vulnerable gels during
aging and the relation between the state of amorphous species and the crystalline
phase depending on aging must be determined. Despite the industrial relevance
and high commercial interest there has not been much progress in this field up to
now. Hence, understanding of aging processes in the silica hydrogel on a
scientific basis is essential in preparing a wide range of silicate compounds.

The present research is aimed to study the effect of structural changes in the
aged silica hydrogel derived from serpentine minerals on the yields of calcium
silicate species synthesized by the heat treatment of intermediates which had
been previously precipitated via stirring of the boiling aqueous suspension
prepared from the silica hydrogel and Ca(OH)s.

428



B B - p-casio,

0-casio,
Mmt"@:ﬁt:ﬂm ML.). gomin
f

et od i,

u"\.\_,.\,\.._;wu_‘_h,u 90 min

Intensity, a.u.

60 min

Mfu" AU PN FU U

i STy " o i

30 min

20CuKa
T T T
10 20 30

MU‘LJMWWE | 15 min

Fig. 1. XRPD patterns of the specimens
which were produced by the heat treatment at
850°C of the precipitate samples prepared
from Gel Sample Ne1 and Ca(OH); by stirring
for different times. HW- B-CaSiO; [O-
CasSi0s.
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Fig. 2. XRPD patterns of the specimens
which were produced by the heat treatment at
850°C of the precipitate samples prepared
from Gel Sample Ne2 and Ca(OH); by stirring
for different times. M—B-CaSiOs; [0-CazSi0y4;
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Fig. 3. Relative phase concentrations of the components in the products synthesized by the
heat treatment at 850°C of the precipitate samples which were produced from Ca(OH). and
Gel Sample Ne1 (a) and Gel Sample Ne2 (b) by stirring for different times.



Experimental

A serpentinite sample located in Shorja (Armenia) was used as a precursor
for the silica hydrogel production using the method described in the work [1].

Reagent grade CaO 98% (248568 Sigma-Aldrich) previously annealed at
1000°C for 0.5 h was used as a raw material for Ca(OH), production.

For the intermediates precipitation two samples of suspension with
liquid/solid ratio of 15 were prepared from the primary mixtures of Ca(OH), and
silica hydrogel with the CaO and SiO, molar ratio of 1:1. The frist sample was
prepared from the silica hydrogel freshly synthesized (Gel Sample Nel), the
second one — from the same silica hydrogel aged for six months (Gel Sample
Ne2). When the silica hydrogel was metered, SiO, content in the silica hydrogel
that is 5.8% was taken into consideration in order to guaranty the molar ratios
CaO to SiO,. Each of the prepared samples was put into a vessel and stirred with
mechanical stirrer for a certain time which is 15, 30, 60, 90 and 120 min in air at
ambient pressure while being heated up to the temperature of 95°C (boiling
point). Then each of the suspensions produced in the mixer was filtered. A gel-
like mass remained on the filter was washed by distilled water and dried at the
temperature of 100°C for 24 h in a dryer type KBC G — 100/250 manufactured
by Premed (Warszawa, Poland). As a result, a white precipitate powder was
produced.

Each of the ten precipitates produced was annealed at 850°C for 30 min and
subjected to XRD analysis. Of the ten precipitate samples the two were selected
for DTA from room temperature up to 1000°C.

X-ray powder diffraction (XRPD) measurements were made on a Dron-3
diffractometer (Russia) equipped with nickel filter, under the following
conditions: CuKa-radiation; power supply 25 kV/10 mA; angular range
20=8°-70° at the room temperature in air. The mass of each test specimen was
250 mg. All the reflections were identified and interpreted using the ICDD-
JCPDS database of crystallographic 2004.

DTA, thermogravimetry (TG) and DTG (differential thermogravimetric)
measurements were performed by using a Derivatograph Q-1500D equipment
manufactured by the MOM company (Hungary) in air at a heating rate of 10°C
min™. The samples of equal mass were investigated in platinum crucibles.

Results and Discussion

The XRPD patterns of the heated precipitate specimens produced from the
suspension samples which were prepared from the silica hydrogel and Ca(OH),
with the SiO,: CaO molar ratio of 1:1 demonstrate that two species of calcium
silicate, namely B-wollastonite (Card Ne84-0655) and larnite Ca,SiO, (Card
Ne33-0302) are precipitated (Fig. 1 and 2). A detailed analysis of the diffraction
peaks recorded for all the samples has revealed that the portion of each phase in
the final product depends on the two factors: stirring time and gel aging. B-
CaSiO; and Ca,SiO,4 peaks of different intencities are observable depending on
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the stirring time and the aging of the silica hydrogel involved in the precipitation
stage.

Based on the fact that the diffraction line intensity is proportional to the
phase volume content, the relative concentration of each phase in the
synthesized mixtures was estimated from the diffraction peaks intensities by the
nonstandard method measuring the ratio of intensities of the different phases.
The calculations were graphically represented in Fig. 3.

The higher yields of -wollastonite are produced on heating up to 850°C in
the intermediates prepared from Gel Sample Nel that is proved by the intensive
peaks B-CaSiO; discovered in the corresponding patterns (Fig. 1). The highest
concentration of p-wollastonite is fixed in the samples produced by stirring for
15 and 120 min (Fig. 3a). The increase in stirring time up to 90 min inclusive
leads to a slight decrease of 3-wollastonite amount (Fig. 3a).

Unlike the previous samples produced from Gel Sample Nel, besides the
reflections of wollastonte and larnite the ones of calcium oxide CaO (Card No
82-1690) are traceable in the XRPD patterns of the final products produced
from Gel Sample Ne2 via stirring within the range of 15-90 min (Fig. 2). The
appearance of CaO reflections indicates that as distinct from the previous
samples Ca(OH), is partly involved in the reaction with the SiO,, which is a
constituent part of the silica hydrogel, and the fifteen-minute stirring is not
sufficient for the complete interaction between the initial reagents in the system
(Fig. 3b). Only increase in stirring time up to 120 min provides the complete
consumption of Ca(OH), and thus higher concentration of p-wollastonite
(Fig. 3b).

The DTA curves of the two precipitate samples prepared from Gel Samples
Nel and 2 by the fiftten-minute stirring were considered. They display
noticeable exothermic peaks of high intensities within the temperature range of

750-850°C with the maxima at 827 and 839°C (Fig. 4).
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Fig. 4. Differential thermal curves for the precipitate samples produced from Ca(OH), and Gel
Sample Ne1 (a) and Gel Sample Ne2 (b) by the 15-minute stirring. TG thermogravimetric or
weight loss curve, DTA differential thermal analysis curve. DTG differential thermal
thermogravimetry curve. The vertical axis label applies to the DTA curve.

These exotherms are preceded by endothermic events with the minima at
775 and 812°C which are accompanied by mass loss that is proved by the trend
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of the TG curves (Fig. 4). These endotherms are most likely produced by
dehydroxylation — hydroxyl water formation and removal from the
intermediates — and indirectly indicate chain-like calcium hydroxosilicate
species formation during precipitation because only this type of Ca-containing
silicate compounds can be easily transformed into such a calcium silicate
species as wollastonite on heating. The intermediate calcium hydro- and
hydroxosilicates can not be identified by XRD analysis because they were all
produced in an amorphous state. Naturally, the mild conditions of the treatment
(95°C, ambient pressure) can not provide the formation of any chain-like
crystalline compounds easily trasformed into wollastonite configuration on
heating up to 850°C. Crystalline compounds production such as tobermorite
(CasSigO46(OH),4H,0 or CasSis(0,0H)5:5H,0) or xonotlite (CasSisO17(OH),)
which are distinguished by chain-like structure and therefore considered the best
intermediates for wollastonite synthesis is only achieved via hydrothermal
treatment.

An endothermic event with the minimum at 491°C set on the DTA curve of
the precipitate sample produced from Gel Smaple Ne2 is caused by the process
of unreacted Ca(OH), decomposition with the formation of H,O and CaO (Fig.
4b) the reflections of which (Card Ne82—-1690) are seen in the XRPD patterns of
the same specimens produced after the heat treatment of the corresponding
precipitates (Fig. 2).

Another endotherm barely detectable over 600°C on the DTA curve of the
precipitate sample prepared from Gel Smaple Nel must have been caused by the
decomposition of calcium carbonate CaCOs resulting in the formation of CO,
and CaO (Fig. 4a). The lower intensity of this effect indicates a negligiable
amount of CaCO; formed by CO, absorption from the air. But CaO reflections
are not traceable in the XRPD patterns of the corresponding sample. It is quite
logical to suggest that on heating up to 600°C CaO released by CaCO;
decomposiotion immidiatedly reacts with the SiO, that remained in an
amorphous state inside the intermediate, producing calcium silicate species and
CO, and causing the endotherm barely detectable over 600°C on the DTA curve
of the precipitate sample. As for the exothermic event that should be seen over
600°C and evidence the calcium silicate species formation, it is most likely
overlapped by the endothermic process of CO, releasing that requires energy
input more than the heat released by the reaction of calcium silicate species
formation.

Both the intensive diffraction peaks of f-wollastonite and larnite fixed in
the diffraction patterns of the heated specimens point to the fact that the strong
exothermic peaks are originated by both B-wollastonite and larnite formation
(Fig. 4).

The knowledge of the structural particularities of the silica constituting the
silica hydrogel has allowed to gain an insight into the process occurring in the
silica hydrogel during aging.
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Recall that the structure of the silica is made up of mono- [SiO,], one-, two-
dimensional and oligomeric silicate units bound with each other by unsaturated,
i.e. comparably weak bonds that distinguishes it from all other species of
traditional silicon dioxide. In spite of the fact that the Si—O(Si) bonds arisen
between the silicate anions during the polycondensation are less saturated, i.e.
weaker, than the primary Si—O(Si) ones intrinsic in the silicate oligomers
formed in magma prior serpentinization, they must have been marginally
strengthened during the silica hydrogel aging. Naturally, more energy input is
required for the cutting of siloxane bonds slightly strengthened by aging and
thus silicate anions releasing. As a result, the stirring time must be prolonged so
as to supply this extra energy needed for the Si—O(Si) bonds weakening, thereby
insuring B-wollastonite high yields.

Conclusion

These studies have shown that a new species of silica hydrogel derived
from serpentine minerals can be successfully used in the system SiO,—CaO-H,0
as a source of silica for the development of a new route to B-wollastonite
synthesis based on the heat treatment of the intermediates precipitated via
stirring of the initial reagents without involving autoclave treatment and
additional reagents.

The information obtained by collating the data has revealed that the stirring
time and the silica hydrogel aging essentially affect the concentration of -
wollastonite in the final product. In order to guarantee the complete interaction
between the SiO, and Ca(OH), via a short-term procedure (fifteen-minute
stirring) thus providing higher yields of B-CaSiOs;, the freshly synthesized silica
hydrogel derived from serpentine minerals must be involved as a source of SiO,
in the first stage of precipitation. If the aged silica hydrogel is used as a raw
materal in the same system, higher yields of B-wollastonite are expected in the
case of stirring time prolonging (up to 120 min). The Si—O(Si) bond's strength
arisen between various silicate units in the silica during the polycondensation is
the main factor playing a major role in the complete interaction of the silica with
Ca(OH),. The cutting of the Si—O(Si) bonds partly strengthened by the silica
hydrogel aging requires more energy that is provided by more prolonged
stirring.

As can be seen from the experimenmtal data, the investigations of aging
mechanisms and their influence on the final products are quite challenging.
These studies are of great interest and practical value for the further
development of a new simplified technology for the low-temperature production
of B-wollastonite.
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B cratbe n3yueHo B3auMoJeicTBHE B BOAHOI cpelie MEeX Ay THAPOresieM KpeMHe3e-
Ma, BBIICICHHOM 13 ceprieHTHHOBBIX MuHepanoB (Mg(Fe))e[SisO10](OH)g, u ruapokcu-
aom kambimsi Ca(OH),, ocyimecTBisieMoe MOCPEACTBOM MEPEMEITHBAHUS TIPH aTMOC-
¢depHOM naBneHuu. llenbio HACTOSIILIETO HCCIENOBAHMS SIBIISUIOCH U3YYHTh BIIHSHHUE
JUTUTEIEHOCTH TIepEeMEIIMBaHus U CTAPEHUs] THAPOTeNsl KpeMHe3eMa Ha BbIXOJ| [3-BOJI-
JIACTOHMTA, ITOJTy4aeMOTr0 TEPMUIECKOH 06paboTKOI MPOMEKYTOUHBIX COeMHEHNUH, KO-
TOpBIe OBUIH MIPEIBAPUTENHFHO OCAXACHBI B KHAIIAIIEH BOJHOW CyCIIEH3UH, TPUTOTOBIICH-
HOW M3 yIIOMSHYTHIX peareHToB. Ha 0CHOBE 3KCTIIEPHIMEHTOB BEISBICHO, UTO JOJIS 3-BOJI-
JIACTOHWTA B KOHEYHOM IPOTYKTE BapbUPYET M 3aBHCUT OT JIMTEIHHOCTH IIepeMeIInBa-
HUS U CTapeHHs THAPOTENS KpeMHe3eMa. 3aMeHa CBEXECHHTE3UPOBAHHOTO THAPOTEIIS
KpeMHEe3eMa TeM JKe TeJieM, HO BBIACP)KaHHOM B T€UEHHE TOIYTo/1a, IPUBOIUT K yBEIH-
YCHHUIO [UIATENILHOCTH TiepementuBanus oT 15 10 120 mun mis toro, 4to0b1 00eCeYnThH
BBICOKHE BBIXOJBI 3-BOJUIACTOHHTA.
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