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Transition oj CaO and SiO2 into a silicate bond in the system calcite-quarte 
(molar ratio 1 : 1) at 700-1000 °0 in aii:, hydrogen, C02, H20 and in H20/C02 

mixtures can be described by the exponential equation a; = l - exp (-Btz), 
in which the value z is constant cmd indicative oj a dijfusion mechanism oj the 
controlling process. Constant B is a junctiolfi oj_the firing at.mosphere composi
tion. Water vapour likewise accelerates the combincttion oj the components into 
s-ilicate bonds in the temperature region below J(]Of! 00 which has not s9 jar 
been investigatecl experimentally. In C02-containing atmosphere, the silicates 
are procluced by direct reaction oj calcium ccirbonate with quartz. The reaction 
mechanism is based on su1face clijfusion oj Ca2+ ions through the polycrystalline 
layer oj the products, namely C2S and CS.

INTRODUCTION 

Synthesis of calcium silicates is a subject of continuing interest owing to their 
significance in the chemistry of cement and ceramics (wollastonite). 

The problems of their synthesis from pure initial components have been investi
gated since 1910 [l]. The effect of firing atmosphere on the rate of transition of 
OaO into the silicate bond was notice 0:: by Balarew [2, 3], also by J a:nder and Stamm 
[4], Jander and Hoffman [5], Hedvall et al. [6], [7], [8] and more recently by Wag
ner [9] and others [10], [18], [20], [21]. In all the studies mentioned the reaction 
was investigated �t temperatures above 900 °0 where transition of the components 
into a silicate bond follows decomposition of calcite. 

The rate of combining of the components into a silicate bond was found to be 
influenced by the neutra! components of gaseous atmosphere at temperatures 
from 1000 to 1300 °0. The most distinct influence on the rate of the processes was 
established on firing in hydrogen and in water vapour, whereas 002 had a retarding 
effect compared to dry air. 

The present study was aimed at investigating the effect of some firing atmosphere 
components on the rate and quality of reactions in the system Oa003-Si02 at 
lower temperatures_ 
The equilibrial 002 pressures for the reactions 
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OaC03 -+ OaO + C02 ( 1) 

OaC03 + Si02 -+ CaSi03 + 002 

2 Oa003 + Si02 -+ Oa2Si04 + 002 

(2) 

(3) 
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calculated on the basis of thermodynamic data [11] for the initial reaction rnixture 
CaCO3/SiO2 = 1 : 1 are plottecl in Fig. 1. 

Since the region of 002 partial pressures within which wollastonite can arise as 
the sole product is very narrow, formation of both thermodynamically possible 
products is observed in the course of the synthesis, quite in agreement with the 
respective thermodynamic data. The synthesis takes place at higher temperatures 
under laboratory conditions (uncler a pressure of ahont 100 kPa) in region III 
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Ji'ig. 1. Equilibrial pressure oj CO2 jor reactions 1 throuyh 3; I - re(lion oj CaSiO3 jorrnation, 
II - CaSiO3 and Ca2SiO., III - CaSiO3, Ca2SiO4 and CaO.

The markin(I indicates the jurnace atinosphere cornpositions including 
the ťatio oj its cornponents. 

of Fig. 1, where decomposition of cal cite is the prirnary process. The rate of decom
position is accelerated hy water vapour and hydrogen as a result of an adsorption
catalytical mechanism [12]. The rnechanism by which the actual synthesis is affec
ted by the atmospherical components has not so far been explicitely explained; 
however, one may generally assume influencing of structural defccts in the initial 
components, intermediate products and reaction proclucts [13], transport of the 
Si component through gaseous phase in the fonn of SiO [11] and Si/OH4) [14], 
effects exerted by the atmosphere on the transport of the Ca2+ component through 
gaseous phase [15], and finally surface diffusion. 
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EXPERil\fENTAL 

The following materials were employed for the synthesis of wollastonite: 
- quartz, low-temperature, of hydrothermal origin from the locality Mníšek

nad Hnilcom, ground so as to pass through sieve 004 ( ČSN) and to a specific
surface of 0.42 m2 g-1 (Blaine), Fe2O3 content = 2 X 10-3 %;

- calcite, precipitated, complying with ČsL-2 (Lachema Brno), undersize of sieve
004 (ČSN). Specific surface area 0.34 m2 g-1. Oontent of impurities lower than
0.1 %-

Tbe rnolar ratio of the initial substanccs, OaO/SiO2 = 1, which corresponds to
the composition of the initial mixtnre 35.02 % OaO, 37.51'% SiO2 and 27.47 % 
CO2• The homogenized and dried mixture was weighed in amounts by 1.5 g for 
the preparation of pellets (compressed at 75 MPa) for the experimental work. The 
pelletized specirnens of the mixtures were tempered on the Netzsch type 409 
thermobalance, which allows work in defined atmospheres. The types of atmosphe
res included water vapour, air, hydrogen, carbon dioxide and mixtures H2O + 002, 

H2 + 002 at a flow rate of 0.150 dm3 min-1 (calculated for O °C and 101 kPa;
this corresponds to a linear rate of 0.64 cm s-1). The temperature interval was 
700-1000 °C.

In the :fired and ground specimens the non-reacted CaO was determined by the
glycolate method [16], the non-reacted SiO2 by the gravimetrie method (ČSN 
72 2111). The weight loss due to carbon dioxide (ó.OO2) was established by evalua
ting the thermograms and the conversions ac, o:8 and aco, were calculated as 
a ratio of the reacted proportion of component to its total amount in mixture. 

The accuracy of the experiments was calculated from a series of double firing 
and analyses, and the standard deviation (sa) of one determination was smaller 
than ±0.018. The phase composition was verified by X-ray phase analysis. 

The results for the individua} temperatures and the constant time of 120 minu
tes are listed in Tahle I and for various atmospheres at 700 °0 and the constant 
time of 120 minutes are given in Tahle II. 

Table I 

Conversion of cornponents in torrns of firing temperaturo in air ancl water vapour 
atmospheres. Timo of firing 120 rninutes. Mixture CaCO3 + SiO2 (1 : 1, molar) 

T 
[OC) 

700 
800 
900 

1000 

Notice 

aco, 
I 

0.767 
0.858 
0.939 
1.000 

C = CaO 

S= SiO2 

acao 

0.{84 
0.565 
0.655 
0.740 

CS = CaSiO3 

C2S = Ca2SiO4 
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I 

Air W ater vapour 

Cť'.SiOs aco, 
I 

acao 
I 

as101 

0.257 0.808 0.627 0.350 
0.352 0.890 0.745 0.472 
0.385 1.000 0.882 0.566 
0.423 1.000 1.000 0.664 
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'.l'able II 

Dogreo of CaCO3 docomposit,ion (aco,) arnl convorsion of CaO uncl SiO2 into silicato bond in tho mixturo of CuCO3 with SiO2 ( l : 1, molar). Firing temperaturo 700 °C 
Atmosphoro I Convorsion i Timo of isothormal hoating (min) f composition I comp�nont al 30 

I 
80 

I 
120 I 180 

CO2 0.439 0.664 O.SOS 0.914 H20 C 0.418 0.554 0.627 0.695 
s 0.214 0.278 o.:rno 0.349 

i---

C02 + H2O co, 0.292 I 
o.as,1 0.418 0.477 C 0.292 I o.:rn5 0.418 0.477 (0.25 + 0.75) s 0.156 I 0.217 0.224 0.256 

CO,+ H2O CO2 o.2:J2 0.301) 0.349 0.381 C 0.232 0.301) 0.349 0.381 (0.50 + 0.50) s 0.118 0.182 0.204 0.235 
CO2 + H2O CO2 0.137 0.176 0.206 0.229 C 0.137 0.176 0.206 0.221) (0.75 + 0.25) s 0.069 0.094 0.104 0.120 

CO2 within tho mcusurem(mt dispersion thc vuluos CO2 C wero cletorminod at love! O 
s 

CO2 0.521 0.984 0.987 1.000 H2 C 0.222 0.391 0.409 0.424; 
s 0.113 0.197 0.207 0.213 

H, + CO2 co, 0.050 0.070 0.088 0.103 C 0.050 0.070 0.08\l 0.103 (0.50 + 0.50) s 0.026 o.o:rn 0.045 0.052 
co, 0.408 0.630 0.767 0.865 Air C 0.324 0.425 0.484 0.516 
s 0.184 0.245 0.257 0.265 

DISCUSSION 
The following rational kinetic relationship has bcen chosen for mathematical 
description of the relationšhip between the conversion of calcite and quartz res
pectivly and the time of isothermal heating at 700 °0: 

cxi = I - exp (-Btz) (4) 
where cx1 is conversion of the respectivc component (C or S), 

t is'the time of isothermal holding in the course of firing, 
B, z are coefficients of the equation related to the initial state of the system 

and to the firing conclitions (B) ancl to the mechanism of the processes 
involved (z). 

Because the initial state ancl the temperature schedule were identical for all the 
specimens listecl in Table III, the relationship between the coefficients and the 
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furnace atmosphere composition was assumed to be the single variable in the series 
of isothermic firing. 

Having linearized relationship (4) by doublc logarithming, the values of coef
ficients B and z were deterrnined by the least square deviations method (Tahle 
III). According to literary data [17] the values of exponent z vary within the inter
val of 0.54-3.0 in dependence on the control mechanisrn. For cli:ffusion-controlled 
processes the interval is given as 0.54-0.62 in the system ofrnonodisperse particles 
dispP.rsed throughout a homogeneous medium oť the other component. The lower 
values established in our cxperimcnts c.an bc cxplained, in agrcement with theory, 
by polydispcrsity of the reaction mixture so that the assumption that di:ffusion 
controlled the rcactions is quite acceptable. Since thc values of z for the individua! 

'l'aúle 1 II 

Tho vnlues of exponent.s in equat.ion (4) for firing tťmporature 700 °C 
Conversion of component CnO 

--··--

Compusition of 
atmosphoro in 

I
Z± Sz lnB ± Brnn 

I 
Bcorr 

funmco 

H20 0.43 ± 0.01 -2.12 ± 0.05 0.18 

H20 + C02 
(0.75 + 0.25) O.:l4 ± 0.01 -2.30 ± 0.07 0.10 

H20 -1- C02 
(0.50 -/- 0.50) 0.33 :!: 0.01 -2.52 :I: 0.04 0.08 

H20 -1- C02 
(0.25 -1- 0.75) 0.31 :I: 0.01 -3.21 ± o.os 0.04 
C02 - - o 

<P ze ± Bz 0.35 ± 0.05 

Convorsion of component Si02 

H20 0.32 ± 0.01 -2.65 ± 0.05 o.os

H20 -1- C02 
(0.75 -1- 0.25) 0.30 ± 0.03 -2.81 ± 0.15 0.05 

H20 + C02 
(0.50 + 0.50) 0.42 :i: 0.02 -3.50 ± 0.10 0.05 

H20 + C02 
(0.25 + 0.75) 0.32 ± 0.01 -3.91 ± 0.04 0.02 

C02 - - o 

<Pzs ± Sz 0.34 ± 0.05 

<Pz ± Sz 0.346 :!: 0.05 

atmospheres are all within a narrow interval (0.30 to 0.43) the mean value Zo 
was calculated for the purposes of the further discussion. By means of this value it 
was possible to deterrnine the corrected values of rate constant Bcorr which may 
obviously be correlated with the composition of the atmosphere (Tahle III). 

The only phases identified in the reaetion rnixtures by X-ray di:ffraction analysis 
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were those of calcite, quartz, CaO, ,B-w·ollastonite, ,B and y-dicalcium silicate. The 
presence of spurrite (2 C2S . CaC03) was not established. The experimentally de
term.ined a, values served for calculating the proportions of the individual phases 
in the reaction mixtures according to the relationships: 

where 

294 

nc,s = ac - as 

nes = 2 o:s - o:c 

nsw2,,,0 = 1 - o:s 

ncaorree = o:co, - o:c 

x, is the content of the component in product in % by wt.; 

(5, 6) 

(7, 8) 

(9) 

(10) 

ni is the molar amount of substance i (i = 02S, CS, CaOrree, CaC03, Si02, ... ), 
M, is the molar weight of substance i. 
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Fig. 2. Development oj phase composition in the mixture CaC03 + Si02 at 700 °0. 
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The development of phase composition calculated according to (5 through 10) is 
plotted in Figs. 2 and 3. 

The results indicate that at 700 °C in air and water vapour atmosphere, CS and 
028 are formed simultaneously with a great excess of C2S (Fig. 2). On consumption 
of component CaO, the last stage of the synthesis (Fig. 3) is represented by the 
very slow reaction 

Fi[!. 3. Depe·ndence oj ac - as in the mixt-ure CuCO3 + SiO2• 'l.'he points ind-icate 
experhnental conve-rsío11 ·vahies afte·r 120-múmte jiring. 

(11) 

Water vapour even at 700 °0 speeds up the entry of the components into the silicate 
bond as compared to dry air. However, in contrast to its effect at high temperatures 
[10], (18) it does not influence distinctly the devclopment of the phasc composition 
of the system. 

The CO2 content in atmosphere is responsible for direct formation of calcium 
silicates from calcite according to reactfons (2 and 3) in agreement with thermodyw 
namic considerations. Combination of the components into silicates is slowed down 
as a result of a decrease in the driving farce of the reaction. In an atmosphere of pure 
002 the rates of the reactions were so low that none of them could be observed to 
take place. A t the same time it should be acknowledged that the calculated Iines 
of cquilibrial pressures (Fig. 1) may be shifted in view of the ínaccuracy of the 
thermodynamic data and that the actual state of the reactants may díffer from 
the standard state. 

Compared to the results oť studics carried out in the temperature region above 
1000 °0 [9], [IO], a retarding effect of hydrogen on the formation of silicates is 
observed at 700 °C and results in a marked suppression of the formation of wol
lastonite (Fig. 2) while simultaneously speeding up dissociation of calcite. No 
sufficient data are so far available for an explicit explanatíon of the slowing down 
of the reaction according to equation (11). 

On the basis of thermodynamic data [II) one cannot consider transport of the 
Si component through the gaseous phase at 700 °0 which has been established to 
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take place in the form of SiO in a redncing atmosphere [15] 1withcr in the form of 
Si(OH)4 in a water vapour atmosphcre [14]. Study [19] indicates that thc valuc of 
the Ca2+ lattice diffusion coeťficient in C2S is oť the order oť 10-13 m2 s-1 at 1200 °C, 
amounting to a value lower by about 4 orders oť magnitude for the diffusion of 
Ca2+ in wollastonite. This is why the varticipation of lattice diťťusion oť Caz+ ions 
through the solid reaction product (CS and C2S) at 700 °C can also be rulcd out. 

The above considerations indicate that the single assumed mechanism controlling 
the synthesis process in the system in question at 700 °0 is the surfaue diffusion of 
Ca2+ ions through the polycrystalline layer of wollastonite and 02S. Tbc condition 
of structural electroneutrality and stoichiometry oť the products requires the si
multaneous transport of 02-, the mechanism of which has not so far been explained. 

CONCLUSION 

: j In the system CaCO3-SiO2 at low temperaturo (700 °C) water vapour was found 
to have an accelerating effect on the combination of components into silicates 
without infl.uencing in any distinct way the development of the phase composition 
in the system as compared to the reaction taking place in air atmosphere. 

Rydrogen slows down the rate of the formation of silicates in contrast to its 
e:ffect at temperatures above 1000 °0. At the samo time it suppresses formation 
of wollastonite. 

The kinetics of the reactions and an analysis of thermodynamic data on the 
possible volatile intermediate proclucts and on the temperature dependence of the 
lattice di:ffusion coefficients of Caz+ in calcium silicates allow to formulate au as
sumption of surface diffusion of calcium ions through a layer of polycrystalline 
products as the prevailing mechanism involved in the synthesis. 
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VPL YV ZLOŽEX L\ AT:\! OSF I;:R Y NA R )'CH L O S'!' 
A :\lEC'HANIZ:\IUS REAKCIÍ V SÚSTAVE CaCO3 ---SiO2 

l'RT N ÍZK Y CH T EPLOTACH. 

8tefon SvPt ík, \"iktor ,Jesťnúk, Zdenek 1-1 rnbó 

Uhemickotechnologickú jo kult o S V,'{'J', Bratislava 

Exporimontálno sa slo,loval vznik roakěných produktov v sústavť kalcit-kromoú (molárny 
pomor I : 1) pri teplotách 700-1000 °0 v z.'wislosti od atmosfóry výpalu. Použili sa atmosféry 
vzduchu, voclnoj pary, oxidu u.hliéitóho, vodíka a ,mrnsi ]-[20--002. Konvcrznó zúvislosti možno 
popísať oxpononciálnym v2ťahom C(; = i - oxp(--·Btz), v ktorom stanovená hodnota z poukazuje 
na dilťúzny moclmninrms riadiaceho prncost1. !�xponPnt B jo funkciou zložcnia at:mosfóry výpalu. 
Vodná parn urýchlujo prcchocl zlo],ick CaO a SiO2 do sili!«ítovej viizby. V aLmosfórach obsalrnjú 
cioh CO2 nastúva Lvorba. krnmiěita,wv vúpo11aLých p1·iamou reakciou uhlii.,itmrn vúponatóho 
s kromoúom (700 °C). Pri syHlózo v2nik1í prndnost.110 Cn2SiO4 a v dalšom priebehu roakcio CnSiO3• 

V atmosfóre voclílm jo vznik wollastonitu potlaěP11ý. Z kinetickóho popisu štuclovmwj reakcio, 
z úclajov o možných prchavých zložkúch v s ústave a z porovnunia hodnot koeficicntov objcrnovej 
difúze Caz+ v Cu2SiO4 a CaSiO3 vyp!ýva, že mechanismus reakcio jo založený na povrchovoj 
difúzi i vápenatých iónov polykryštalickou vrstvou pwduktov, 1. j. C'n2SiO4 a CuSiO3•• 

Obr. 1. Rovnovážna tenúa CO2 pre rea!ccie 1 ož 3; I -- oblasťvzniku CaSiO3, I I - CaSiO3 a Ca2SiO4, 

111 - CuSiO3, Ca2SiO,1 a Cu O. Znakmi sú ·1·11,,načené pou.Mti zloženia pecnej atmosféry 
včítane pomeru. frh zlož.id,. 

Obr. 2. Vývoj fázového zloženia v zm.esi CnCO3 + SiO2 pri 700 'U. 
Obr. 3. Závislost' ac - C(S i• ;;mcsi CaCO3 + SiO2• Bochni sú znázornené expcrimentúlne hoc/noty 

konverzi/ po 120mimítuvom výpale. 

B.:JHHII IIE COCTAlL\ AT.\IOCCl>EPbl 
HA CH'.OPOCTh ll .\1EXAH!13.\I PEAI:;DJifťl B CllCTE.\IE CaCO3-SiO2 

111'11 IIM31,1IX TE:llffEPATYPAX 

UlrncJm11 CnoT:rn1,, B111,-rop Eťc•mm, :3;\01101, rpaGc

,Y 11Mui;o-me:i:lloJLoeu •1ec1,11 ií !/Jai;!Jill,mem C.rnoa1i.1;020 IIOJlllllll!:c1111'1Cc1;020 1111cm umyma, 
Hpamw::wua 

llcc:ICi(OBamr 3I{C1!Cp1rnCI!'fa:11,1II,IM 11y-re11 0Gpa:iomu111e 11po;.\yKro1J pcaIO.\llll Il ťl!CTCM0 
]{aJl l,l.\lťť - ,map!( (�10:rn JHIOC OTJI0!ll0l!II0 I : I) II pu TC/.IIICJla'ťYJJH X 700- I()()() °C B 3illll!Cl!
�!OCTI! 0T aTMOccJiopu oGnrnrn, coc.TOHll(ldi 11:i JJo3;\yxa, JJO/(HIIo1·0 uapa, yr,1cm1c:wro
raaa, JJ0t\opo;(a li CMCC.ll H 2O-CO2. h'.01rncpc110l!HI,IC :iaBll('l!M0ťTll M0íl(l!O 0J111ťHTh C. l!0MOII\LIO
::mcII0JIClll\Jia:II,l!0ťO 0TII0lllCllllH °'' = I - exp (-1Jt2), B IWT0J)0M ycTa!I0B,IellllilH BC:Il!'Illlla
: COOTB0TCTBY0T /(ll(pcpy:mo11uo�1y �rcxami:n1y y11paBWIJOII \Cro 11pm(Cť('1\. 8w:1IOHOIIT B 
HB:rneTCH cpyHW(IICÍÍ cOl:Talla HTMOť<pcpu 0Gm111·a. Bo;vmoii 11ap ynwpnc-r II0JJCX0/( J,0�mo
l!CHT0B CaO n SiO2 u ('JUilllWTJIYJO cn;1:i1,. B ,lT/.!Oť!pOpc, co;1cpnrn11\cií CO2 uac-rynacT 06pa-
3ouamw CJJ.'IJ!WlTO!l 1rn:11,I\l!H lljlH.IIOÍÍ peam111cii 1;apóomrra Wl:J bl(llfl C 1rnap1w�1 (700 °C).
l1p11 CIIHT030 oGpa3yeTCH npcmryn,eeTBCIIIIO Ca2SiO„ li ;1a:1cc lljl0TCJW0T poam(IIH o6pa3o
Ili\HIIH Ca Si o,. 13 aTMOt<Jicpc B0/.(0JJO;W 06pa:10BaI1110 uo:1:mCT0ill!T8 yc-ry11aCT. H:l J,IIJI0Tll'JCCJW!'O
omréamrn IICCJIC/(YOMOJÍ peaia(llll, Il!l i(,llllll,IX 0T][(H'JITC.�lhH0 JICTirnx IWMIIOIICI!T0IJ B CIICT0M0
n u:i eouocTaBJICHnn ml:llJtllIII 1wscpcpm,uo11ToB ofr1,0111wii ;0Hp<pya1rn Caz+ n Ca2SiO2 li CaSiO3
cJJe;,yeT, '!TO Mcx,m11aM peami:1111 oc11om,rnacTc li 1w 110Bcrn11ocTHOii ;0HI1<Jiy:rn11 1mm,1.u10m,rx 
nonou no.11111'p11crn.'1:rn 11oc1rnM c:roc�1 11po;1y1,To1J, T.c. Ca2SiO4 JI CaSiO,.
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S. Svetlík, V . .Jesenák, Z. Hrabě:

Puc. 1. Paenocec1t0e éiaa.1.enue C02 é!J1..n peah·111u'i 1---3; I - 06Jwcm1, oúpaaoaa1111.<i CaSiO,, 
I I - CaSi03 11 Ca2SiO., /// - C.:aSiO,, Ca2Si04 n Ca O. 311a1ca.11u oúoa1w•w10111c.<i 11p11.
.1re11.q,e.1tb1e coc11wa1,1. am.1t0crficpu ne•m 111,1110,uui om1wwe11ue ux 1,o,1rno1ie11111ou. 

P11c. 2. Paaoumue cocmaaa rfiaa u c.1tec1l Ca CO, + Si02 11p11 7000 °C. 
P11c. 3. Saeuc11.\locm1, ac - as e c.Hcc11. CaCO, -1- Si 02 . To,i1,a.1t11. 06oaHrPw1omc.11, a1;c11ep11.AteH-

11wJ1.1>111,ie fleJI.U'llllll,1 li0/l6CJJC111Í. IIOC.1!' 120 .AtllllYlll 06:i1c11ia. 
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