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The calcium hyclrosilicates oj the tobermoritic group were preparecl by 
hyclrothermal treatment oj a mixture oj CaO with �-quartz in a aqueous suspen
si9n. The crystallization degree oj the reaction product was positively ajfectecl 
by acldition oj 804

2- ancl AP+ ions. The pH was acljustecl by adclition oj alkalies 
ancl the relationshiJJ between pH ancl the crystallization degree oj the calcium 
hyclrosilicate component was c/etenninecl. Allcalies have been provecl to have 
a. negative effect on the jormation oj crystallically developecl plwses oj the tober
moritic gmup. 

INTRODUCTION 

The technology of manufacture of high-pressure cured lime-silicate building 
materials has till recently been lacking sound foundations of basic research which 
are indispensable for explaining and preventing the occurence of anomalous pheno
mena in technological practice. The present work had the main purpose to investigate 
closely the effect of alkali sulphates on the formation ofthe main binding component, 
11 A-tobermorite, in the course of hydrothermal treatment. 

O nly lirnited and sporadic data have appeared in literature with respect to the 
effect of pH on the formation of the main components of the tobermoritic group. 
When Na2SO 4 is used as an addition to the mixture of Ca(OH)i with �-quartz, 
it is possible that not only pH but also SOJ- ions may, under certain conditions, 
accelerate the transformation of crystallically imperfect hydrosilicate phases to 
11 A-tobermorite [I], [2). The SOJ- ions may further be substituted into the phases 
of the system in question. ,vhereas substitution of AP+ ions in the lattice of 11 A
tobermorite has already been well understood [3), [4], í:5], it is not the case of the 
soi- ions. Kalousek í6] and Benton and Kalousek [7] have found that the structure 
of imperfectly crystallized tobermorite can contain more than 5 % SO 3 . A ccording 
to Diamond [8], SOJ- ions may also be substituted into the lattice of 11 A-tobermorite. 
Šauman and Valtr [9] have proved that the structure of 11 A-tobermorite can hind 
at the most 0.5 % of SOJ- ions. 
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EXPERIMENT AL 

The model mixtures were prepared from high-purity Illinois (USA) sand containing 
99.73 % SiO2 , ground in au agate device to pass through sieve No. 230 ASTM; its 
specific surface corresponded to 3.500 cm2 g-1 (Blaine). The material was characterized 
as pure �-quartz (low) by X-ray analysis. The other initial components, Cu.O, was pre
pared from CaCO3 A.R. (Merck) by annealing at 1050 °C for 4 hours, by grinding 
in an agate device to pass through No. 230 sieve. AU the other reagents were of 
A.R. purity. 

The model suspensions were subjected to hydrothermal tieatment in high-pressure 
cylinders of 45 ml capacity. The vessels containing 30 ml of suspension composed 
of 1 part solid to 10 parts liquid phase were revolved at a uniform speed of 60 r.p.m. 
throughout the hydrothermal cycle infide an electric hot-a.ir thermostat. The charge 
also contained 10 platinum rings made of dia. 1 mm wire. 

The pH was measured with type PHM 26 pH-meter by Radiometer, Copenhagen. 
The instrument was provided with G 202 B and K 401 electrodes from the same 
manufacturer. The calibration was carried out by means of two buffer solutions, 
namely S 1001 by Radiometer - pH 6.50 ±0.02 at 20 °C, and with 0.01 M sodium 
tetraborate - pH 9.225 at 20 °C, from the scale of standard buffer solutions of the 
National Bureau of Standards. 

The pH of the reaction mixtures were measured directly in the cylinders, which 
simultaneously ensured efficient shielding of the electrodes. The specime11s being 
measured were tempered in a water thermostat at 20 °C. The solid phase of thc 
suspensions was then dried in flowing N2 at 105 °C for 8 hours and subjected to 
further analyses. 

The microstructural analysis of all the specimens obtained was carried out by 
the usual methods (X-ray diffractograph by Phillips). On selected samples, the 
morphology of the binding phases was studied by a Stereoscan 2A scanning electron 
microscope (Cambridge Scientific Insťruments). 

THE RESULTS AND DIS CUSSION 

The effect of the K+ and Na+ alkali ions on the formation of the main binding 
phases C-S-H gel and 11 A-tobermorite in the course of hydrothermal treatrnent 
of lime-silica mixtures was studied on model suspensions at 175 °C using isothermal 
heating for 5 hours. The solid phase composition was chosen as follows: 80 % wt. 
quartz + 20 wt. % CaO, which corresponds to the initial molar ratio CaO/SiO2 = 
= 0.268. The reaction thus proceeded in a system with a considerable excess of SiO2, 

which, however, corresponds to the composition of technologically processed raw
material mixtures in the production of building materials, where the quartz sand 
is also a filler. The liquid phase was reboiled distilled ,vater or the same volume 
of a solution of the respective admixture. • 

In the case of the plain mixture of quartz with lime, hydrothermal treatment 
for 5 hours at 175 °C does not yield crystalline 11 Á-tobermorite, and the suspension 
after hydration has pH= 10.50. On gradually adding CaSO4 • 2 H2O, the pH value 
decreases, after an addition of more than 0.5 % CaSO4 . 2 H2O falling below 9.80; 
this is the point where 11 Á-tobermorite well detectable by X-ray analysis is formed. 
The values measured are listed in Table I and the X-ray diffraction patterns are 
shown in Fig. 1. 
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Fig. 1. X-ray diffraction patterns oj suspensions containing quartz, CaO a,nd gypsum, 5 hrs/175 °0 
(Nos. 1-6, Table I); 

Symbols used: N - "imperfectly crystalline tobermorite", N' - C-S-H gel, P - CaSO,. 1/2H2O, 
Q - p-quartz (low), S - CaSO4III, T - llÁ-tobermorite, X - xonotlite, 

Table I 

Suspension of quartz + CaO with an addition of CaSO4 . 2H2O, 5 hrs at 175 °C 

CaSO4• 2H2O 11 A...,.. 
Mix Quartz CaO pH to ber-
No. (g) (g) 

I 
morite 

(mg) (%) 

1 I 2.4 0.6 o o 10.47 -

2 2.4 0.6 15 0.5 10.28 -

3 2.4 0.6 24 o.s 9.76 + 

2.4 0.6 36 1.2 9.63 + 

5 2.4 0.6 48 1.6 9.58 + 

6 2.4 0.6 60 2.0 9.53 + 
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The pattern of mixture [l] exhibits a diffuse reflection vt 3.00-3.09 A, which 
characterizes the C-S-H gel phase,, as well as cliffusion lines at about 2.83 A. 
In the diffractogram of mix [21 the diffusion character of the lines at 3,08, 2.98 and 
2.83 A is becoming fainter, which indicates to gradual transformation into a more 
perfectly crystallizecl phase: C-S-H gel--+"imperfectly crystalline tobermorite"-> 
--+ 11 A-tobermorite. In the cliffraction pattern of mix [3] there are all tabellated 
cliffraction lines of 11 A-tobermorite. The X-ray cliffraction patterns of the other 
three mixes are in principie iclentical with pattern [3l 

The gradual crystallization cleveloprnent of 11 A- toberrnorite can also be observed 
on the scanning electron micrographs. The study was concernecl with specimens 
of three hydrothermally treatecl mixtures, the composition of which is listed under 
the numerals [1], [2] and [3] in Table I. 

The morphology of the quaťtz-lime mixture after high-pressure curing is illustratecl 
by Fig. 2, showing well cliscernible quartz grains the surface of ·which is coatecl with 
a gel layer. When 0.5 % CaSO4. 2H2O was acldecl (Figs. 3 and 4), the surface of quartz 
grains is still more clisturbed and in the gel layer there begin to appear islets of leafy 

Q ' 

., JO JI .. R 

Fig. 6. X-ray cliffraction patterns oj suspensions containing qum•tz, CaO ancl AI,(S04)3 with cm 
aclclition oj NaOH, 5 hrs/175 °0 (Nos. 1-5 Table Il ). Foi· the list oj symbols, i·efer to Fig. 1. 
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F'ig. 7. X-rciy clifjmction patterns oj suspensions containing qu'artz, CaO and Ah(SO•h with the
adclition oj Na2S04, 5 hi-s/175 °0 (Nos. 6-10. Table 11). For the list oj symbols, 1·ejer to F'ig. 1. 

formations characterizing 11 Á-tobermorite. On the next micrograph (Fig. 5) of 
a specimen of hydrated quartz-lime suspension containing 0.8 % CaSO4 . 2 H2O, 
one can observe the typical leaf or plate-shaped crystals of 11 A-tobermorite covering 
the surface of al] the quartz grains. 

An analogous situation was observed with suspensions of quartz-lime-A}z(SO4h 
mixtures after adding stepped up amounts of NaOH and Na2SO4 • The results of the 
measurements are listed in Table II. The X-ray patterns of the two series are shown 
in Figs. 6 and 7. Aluminium sulphate was added to the basic quartz-lime mixture 
because the AP+ ions very strongly promote formation of 11 A-tobermorite. However, 
as indicated by the further measurements, a high content of alkalies in the reaction 
system may paralyse even this very positive effect. 

Mixtures [l] to [3] exhibit very intensive lines corresponding to 11 A-tobermorite. 
The diffraction patterns [4] and [5] show a somewhat diffuse character of the line 
3.04 A, characterizing the C-S-H gel phase; the diffraction at 11.3 A is no more 
discernible. The X-ray diffraction patterns of mixtures [6] to [9] are essentially 
identical, showing a very strong diffraction of 11 A-tobermorite, whereas the pattern 
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Table II 
Suspension of quartz with CaO and Ah(SO4)J with an addition of NaOH, N&2SO4 -

5 hrs/1'15 °C 

IMix Quartz CaO Ah(SO.h 
No. (g) (g) 

I
(mmole) 

I 

l 2.4 0.6 ·0.125
2 2.4 0.6 0.125
3 2.4 0.6 0.125
4 2.4 0.6 0.125
5 2.4 0.6 0,!25

6 2.4 0.6 0.125
7 2.4 0.6 0.125
8 2.4 0.6 0.125
9 2.4 0.6 0.125

10 2.4 0.6 0.125

* ) NaX = NaOH (1-5); = Na2SO• (6-10)

NaX*) pH 
(mmole) 

o 9.26 
0.25 9.3� 
0.376 9.39 
0.'15 10.64 
1.5 11.14 

o 9.33 
0.125 9.32 
0.187 9.33 
0.375 9.46 
0.'15 10.29 

- .

llA-
to ber-
morite 

+ 

+ 

+ 
-

-

+ 

+ 

+ 

+ 
-

of mixture [10] is already characterized by a very diffuse reflection at 3.04 A, cor
res:r;onding to C-S-H gel, and by a low-intensity diffraction at 2.82 A, while 
the bam! rdlcdion of tobein10rite at 11.3 A is missing. 

The Table II indicates that when the pH of suspension after concluded hydro
the1mal trrn1mrnt excEEds the value rH == 10, 11 A-tobeimorite cannot be safely 
provEd in the reaction mixture. This finding provided the reason for controlling 
the pH with a buffer rnlution. 

Adjus1mrnt of pH with a buffer solution introduced before the reaction would 
obviously l:;e imrossible owing to the reactions between the buffer and calcium 
hydroxide, although the buffu alone would not be changed by the hydrotherma.l 
conditions. 

The rcssibility was fu1 ther considerEd of transforming the already fo1med C-S-H 
gel to crystalli1:e 11 A-tol:;e1morite by a new hydrothe1mal reaction in a medium 
l1aving a rH value favourable for its fmmation. However, no crystalline phase was 
creatEd, EVrn though the pH after the new hydrothe1mal reaction had the desirable 
value. This ra:;:sivity of the C-S-H gel cannot be influenced by additional introduc
ticn of gypsum, 1:or by a new hydrot,hermal reaction, in spíte of the fact that the 

pH value has again decreased. 

CONCLUSION 

Hydrothermal treatmrnt of the mixture consisting of 80 parts quartz and 20 parts 
CaO at 175 °C for 5 hours in aqurnus suspnsion and in a IDEdium having pH 10.6 
yielded a component of e:;:srntially gel-tyi:e character (C-S-H gel) exhibiting 
diffraction at 3.04 A or other pliases, which have l:;ern callEd "imperfectly crystalline 
tobermorite", showing the characteristic diffraction line at 3.08 A. Stepped-up 
additions of soi- or AJ3+ ions to the basic mixture resultEd in a gradual increase 
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of the crystallization degree of the final hydrosilicate phase, and after concluded 
hydrothermal treatment the pH of the medium was about 9.8 or lower, which is favou
rable for the formation of 11 Á-tobermorite. The morphology of the transformation of 
gel-type components into a perfectly crystalline phase has been explicitly proved 
by scanning electron micrographs. 

The raising of pH of the reaction medium by alkalies has strongly paralyzed 
the positive effect of sulphate and aluminium ions, and no crystalline components 
of the·tobermoritic group were formed in the medium having pH 10.3 and higher. 
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Hydrotermálním zpracováním směsi sestávající z 80 d. kfomene + 20 d. CaO pl'i 175 °C po 
dobu 5 h v podobě vodné suspenze byla v prostfoclí o hodnotě pH 10,5 získána složka v podstatě 
gelovitého charakteru (C-S-H gel), vykazující difrakci ~ 3,04 A nebo další fáze, kterou jsme 
označili „i;i.eclokonale krystalický tobermoriť' s charakteristickou difrakční linií ~ 3,08 A. 
Pí-i odstupú.ovaném pHdavku SO4

2- nebo AP+-iontů k základní směsi bylo zjištěno postupné 
zvyšování stupně krystalizace vzniklé hydrosilikátové fáze a prostfoclí po ukončené hydroter
mální reakci vykazovalo hodnotu pH ~ 9,8 resp. nižší, vhodné ke vzniku 11 Á-tobermoritu. 
Morfologie pfochodu gelovitých složek na dokonale krystalickou fázi byla názorně prokázána 
snímky z elektronového rastrovacího mikroskopu. 

Zvýšením pH reakčního prostfoclí alkáliemi byl silně paralyzován pozitivní vliv síranových 
a hlinitých iontů a v prostfodí o hodnotě pH 10,3 a vyšší nevznikly krystalické složky tobermori
tické skupiny. 

Obr. J. Rentgenové difrakční záznamy suspenzí křemene s CaO a sádrovcem, 5 h/175 °0 (č. 1-6 
tab. I). Užité symboly: N - ,,nedokonale krystalický tobermorit"; N' - C-S-H gel; 
P - CaSO4 . 1/2 H2O; (J - {1-křemen (nízký); S - CaSO4III; T - ll Á-tobermorit; 
X - xoiiotlit 

Obr. 2. Stereoelektronogram suspenze křemen + CaO, 5 h/175 °0. 
Obr. 3. Stereoelektronogram suspenze křemen + CaO + 0,5% CaSO4 . 2 H2O, 5 h/175 °G. 
Obr. 4. Stei·eoelektronogram suspenze křemen + CaO + 0,5% CaSO4. 2 H2O, 5 h/175 °G. 
Obr. 5. Stereoelektronogram suspenze křemen + CaO + 0,8% CaSO4. 2 H2O, 5 h/175 °0. 
Obr. 6. Rentgenové difrakční záznamy suspenzí křemene s CaO + AI,(SO4 )J s přídavkem NaOH, 

5 h/175 °0 (č. 1-5 tab. II). Užité symboly viz obi·. 1. 
Obr. 7 Rentgenové dijrak5ní záznamy siwpenzí křemene s CaO +.Alz(SO4)J s přídavkem NaiSO4 , 

5h/175 °0 č. 6-10 tab. II). Užité symboly viz obr. 1. 
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H3-Y1-IEIHIE BJIIHIHHFI pH CPE.D:hl HA OBPA30BAHI 1E 
C O C TAB JI FI IO � I1 X H'. A JI h n M 1íI r 11 .D: P O CM JI H H'. AT O B 

B rH,ri:POTEPMAJibHhIX YCJIOBH.HX 

3AeHer, lllayMaH, OJI/.\pi!mx foq,qJMaHH*), I111aH H'.o]lyBaH**l, iíiome Ypum•1**) 
Kag3e8pa mexH0/1,0euu u npouaeoéJcmea cmpowne/1,bHblX .uamepua/1,0e, B pno 

*) I-I ay•tHO-UCC/l,eaoeame/1,bCh'.Ull UHCmumym cmpowne/1,bHbl,X .1oiamepull/l,06, B JJH0 
**) Ca/1,onum, Arieoeo, IOeoc/1,aeun 

Ilp11 IIOMOII.UI nmpoTepMaJibHOJI o6pa6oTim. CM0CII, COCTam1.1ei1: 113 80 •rncTeH 1map1.1a 
+ 20 •rncTeH CaO 1IpH 175 °C II Te'rnH11e 5 •mco11 11 BH/.\e BOlIHoii cycrreu31111 6bma II cpeAe 
B0JIH'IRHOH pH 10,5 TTOJI)''IeHa COCTaBJTHIOlliílfl B CY,J::l.lHOCTH reJieo6pa3HOro xapaHTepa
(C-S-H reJib) rroHa3bIBaIOll{an /.\Hq>pami,1110 ~ 3,04 A HJIH Apyran cpa3a, HOTopan 6bwn 
HaJ\m o603Ha•rnHa „Heco11epllieHHLT11 HpHCTa.;JJIJ•l'JeCJ{Hlf To6epMop11T" C xapalťrepHCTI1'!8Cl{Ol1
JIHHHeH Amppami:nH ~ 3, 08 A.

IlpH cTyneH•IaTOM A06a11JieH1m S042- llJIII AJ3+-HOHOB H OCHOBHOII CMecu 611JIO onpe
/,(0Jl0HO TTOCTerreHHOe TTOBLilll0HH0 CT8TT0HH HpHCTa.TI.Till3íll\HII o6pa30BaBlli0HCH cpa3LI l'IIJipO� 
c11mmaTa H cpeAa rrocJie 3arrnH•rnHH011 n1ApOTepMa.rr1,uoi1: pear<l\HH rror<a31,1BaJia 11emP11rny 
pH ~ 9,8 JIJJH muRe, yA06uy10 AJIH 06pa3011au11n H A - T06epMop1na. MopciioJionrn 11cpe
XOAa reJieo6pa3HhlX COCTílBJlHIOllIHX B co11eplli8HHO H])HCTaJI.llll'JeCl(YJO qia3y 611Jia Har.Tifl/IHO 
06ocH011aaa rrp11 rroMOllIH CHHMrrn11 H3 sJier<Tpomroro cr<am1py1omero Mimpoc1rnrra. II01111me
HHeM pH peaHl\HOHHOH CJ)8,[{T,l rrpn TTOMOll\11 llI8,TIOtJeH 61,IJTO CH.llbHO IIOJJ:ílBJI8HO TIOJIOmllT8Jlb
HOe DJlllfIHHe CYJib!paTHhlX li I'Jll!HHCTLIX IIOHOD; B cpe},(e 118,illl'JIIHOII pH 10,3 H BhILIJe He 
61IJTH o6pa30BílHLI HpllCTílJIJIIl'JeCWl8 COCTílDJIH!Oll.1118 T06epMop11TJl'ICCH0(1 rpyrrn1,i. 

Puc. 1. PeHmee1;,o11ci.ue éJugjpa,,:11,uonHbte aanucu 11a11ecel'i 1,eap11-a c Ca O u eunco.,11,, 5 •i/175 °G
(J\1'1 1-6 ma6/I,. I); N - riecoeepwenno 1,puc,naJ1,.i!,U•iec1,1tií mo6ep.uopum, N' -
C-S-H eeJl,b, P - CaS04. 1/2 H20, Q - fi-,;eaptf (1-111a1,ut'i), S - CaSO. III,
T - 11 Á-mo6ep.,iopwn, X - ,;cono,nJ1,wn.

Puc. 2. CmepeoaJ1,e1.mpoHoepa,1c.Ha 11a11ecu ,;11ap1.1- + CaO, 5 •i/175 °G. 
Puc. 3. CmepeoaM,;mpoHoepa,,c ... ,ia eaeecu ,;eaptf + CaO + 0,5 % CaSO •. 2 I -l20, 5 •t/175 °G. 
Puc. 4. CmepeoaJ1,ewnponoepa.,1wa 11a11ecu 1:eapif + Ca O + 0,5 % CaS04. 2 H20, 5 •c/.175 °G. 
Puc. 5. Cmepeoa.11,e1,mpo1-tozpa.,wa 11a11ecu 1:eaptf + Ca O + 0,8 % CaS04. 2 H20, 5 •t/.175 °G. 
Puc. G. Penmee1-t011ci.ue 8ugjpcu,11-twH1-tbie aanucu 11a11ecea li:eapu,,a c Ca O + Al2(S0.)3 c éJ06aa1,01'i 

NaOH, 5 •t/175 °G (J\1'1 1-5 ma6JI,. ff). O6oa1-ta•temi.rt c.H„ puc. 1. 
Puc. 7. Pe1-imee1-ioec1.ue éJugjpa,;ittw1-c.HbW aanucu 11a11ecea ,;eapifa c Ca O + Alz(S04)3 c éJoóa111,:oll

Na2S04, 5 •t/175 °G (M 6-10 ma6JI,. II). O6oana•ieniui c.,i. puc. 1. 
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JJ'ig. 2. S.E.1,1. oj qu.artz-GaO suspension, 5 hrs/175 °C. 

JJ'ig. 3. S.E.M. oj suspension containing qum·tz + CaO + 0.5% CaSO•. 2 H2O, 5 hra/175 °0. 
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Fig. 4. S.E.M. oj suspension conta,ining qua,rtz + CaO + 0,5% CaSO4• 2 H2O, 5 hrs/ 175 °0. 

Fig. 5. S.E.M. oj suspension containing quartz + CaO + 0.8% CaSO4• 2 H2O, 5 hrs/175 °0. 
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