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The calcium hydrosilicates of the tobermoritic group were prepared by
hydrothermal treatment of a mixture of CaO with B-quartz in a aqueous suspen-
ston. The crystallization degree of the reaction product was positively affected
by addition of S04~ and A3t jons. The pH was adjusted by addition of alkalies
and the relationship between pH and the crystallization degree of the calcium
hydrosilicate component was determined. Alkalies have been proved to have
a negative effect on the formation of crystallically developed phases of the tober-
moritic group.

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 of the main binding component,
11 A-tobermorite, in the course of hydrothermal treatment.

Only limited 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 Na,S0, is used as an addition to the mixture of Ca(OH), with {-quartz,
it is possible that not only pH but also SO~ ions may, under certain conditions,
accelerate the transformation of crystallically imperfect hydrosilicate phases to
11 A-tobermorite [1], [2]. The SO3~ ions may further be substituted into the phases
of the system in question. Whereas substitution of Al3+ ions in the lattice of 11 A-
tobermorite has already been well understood [3], [4], [5], it is not the case of the
807 ions. Kalousek [6] and Benton and Kalousek [7] have found that the structure
of imperfectly crystallized tobermorite can contain more than 59, SO;. According
to Diamond [8], SO~ ions may also be substituted into the lattice of 11 A-tobermorite.
Sauman and Valtr [9] have proved that the structure of 11 A-tobermorite can bind
at the most 0.59, of SO~ ions.
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EXPERIMENTAL

The model mixtures were prepared from high-purity Illinois (USA) sand containing
99.73 9, Si0,, ground in an agate device to pass through sieve No. 230 ASTM; its
specific surface corresponded to 3.500 cm? g~! (Blaine). The material was characterized
as pure (-quartz (low) by X-ray analysis. The other initial components, CaO, was pre-
pared from CaCO; A.R. (Merck) by annealing at 1050 °C for 4 hours, by grinding
in an agate device to pass through No. 230 sieve. All the other reagents were of
AR. 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 inside an electric hot-air 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 4-0.02 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 specimens being
measured were tempered in a water thermostat at 20 °C. The solid phase of the
suspensions was then dried in flowing N, 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 Instruments).

THE RESULTS AND DISCUSSION

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 treatment
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. 9, CaO, which corresponds to the initial molar ratio CaO/SiO, =
= 0.268. The reaction thus proceeded in a system with a considerable excess of SiO,,
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 water 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 A-tobermorite, and the suspension
after hydration has pH = 10.50. On gradually adding CaSO, . 2 H,0, the pH value
decreases, after an addition of more than 0.5 9%, CaSO4 . 2 H,O falling below 9.80;
this is the point where 11 A-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 of suspensions containing quartz, CaO and gypsum, 5 hrs{175 °C

(Nos. 1—6, Table I);

Symbols used: N — “‘imperfectly crystalline tobermorite”, N’ — C—S—H gel, P — CaS0, . 1/2H:0,
Q — B-quartz (low), S — CaSOIII, T — 114 -tobermorite, X — wonotlite,

Table I
Suspension of quartz + CaO with an addition of CaSO, . 2H,0, 5 hrs at 175 °C
CaSO, . 2H,0 11 A —
Mix Quartz CaO pH tober-
No. .
(g) (g) (mg) %) morite
1 2.4 0.6 0 0 10.47 —
2 2.4 0.6 15 0.5 10.28 —
3 2.4 0.6 24 0.8 9.76 +
4 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 [1] exhibits a diffuse reflection av 3.00—3.09 A, which
characterizes the C—S—H gel phase, as well as diffusion lines at about 2.83 A.
In the diffractogram of mix [2] the diffusion character of the lines at 3.08, 298 and
283 A is becoming fainter, which indicates to gradual transformation into a more
perfectly crystallized phase: C—S—H gel -->“imperfectly crystalline tobermorite*—
~> 11 A-vobermorite. In the diffraction pattern of mix [3] there are all tabellated
diffraction lines of 11 A-tobermorite. The X-ray diffraction patterns of the other
three mixes are in principle identical with pattern [3].

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

The morphology of the quartz-lime mixture after high-pressure curing is illustrated
by Tig. 2, showing well discernible quartz grains the surface of which is coated with
a gellayer. When 0.5 9, CaSO, . 2H,0 was added (Figs. 3 and 4), the surface of quartz
grains is still more disturbed and in the gel layer there begin to appear islets of leafy

e

o]

333

~ W—
s |
-

[

[20] u

1 PR S St 1 1 ) 1 & ok
0 X »

N R I S W S |

Iy, 6. X-ray diffraction patterns of suspensions containing quartz, CaO and Aly(SOa)s with an
addition of NaOH, § hrs[175 °C (Nos. 1—5 Table IJ). For the list of symbols, refer to I'ig. 1.

292 silikdty & 4, 1981



A Study of the Effect of pH on the Formation of Calcium Hydrosilicate Components. ..

e |7

B

a1/ NITTS

L)
-
a-

Fig. 7. X-ray diffraction patterns of suspensions containing quartz, CaO and Alx(SOs)s with the
addition of NaSQq, 6 hrs[175 °C (Nos. 6—10. Table I1). For the list of symbols, refer to Fig. 1.

formations characterizing 11 A-tobermorite. On the next micrograph (Fig. 5) of
a specimen of hydrated quartz-lime suspension containing 0.8 9%, CaSO, . 2 H,0,
one can observe the typical leaf or plate-shaped crystals of 11 A-tobermorite covering
the surface of all the quartz grains.

An analogous situation was observed with suspensions of quartz-lime-Al;(SO.)s
mixtures after adding stepped up amounts of NaOH and Na,SO4. The results of the
measurements are listed in Table IT1. 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 AI3* 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 [1] 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 11

Suspension of quartz with CaO and Aly(SO4); with an addition of NaOH, Na:S0; —
6 hrs/175 °C

Mix Quartz Ca0 AlL(SO4)3 NaX*) pH ltloée .
No. (g) (8) (mmole) (mmole) morite
|
| .
1 2.4 0.6 0.125 0 9.26 +
2 2.4 0.6 0.125 0.25 9.33 +
3 2.4 0.6 0.125 0.376 9.39 +
4 2.4 0.6 0.125 0.75 10.64 —
5 2.4 0.6 0.125 1.5 11.14 -
6 2.4 0.6 0.125 0 9.33 +
7 2.4 0.6 0.125 0.125 9.32 +
8 2.4 0.6 0.125 0.187 9.33 +
9 2.4 0.6 0.125 0.375 9.46 +
10 2.4 0.6 0.126 0.76 10.29 —

+ ) NaX = NaOH (1—5); = Na2804 (6—10)

of mixture [10] is already characterized by a very diffuse reflection at 3.04 A, cor-
responding to C—S—H gel, and by a low-intensity diffraction at 2.82 A, while
the basal reflcction of tokermorite at 11.3 A is missing.

The Table 1I indicates that when the pH of suspension after concluded hydro-
thexmal treatment exceeds the value yH = 10, 11 A-tobermorite cannot be safely
proved in the reaction mixture. This finding provided the reason for controlling
the pH with a buffer solution.

Adjustment of pH with a buffer solution introduced before the reaction would
obviously ke impossible owing to the reactions between the buffer and calcium
hydroxide, although the buffer alone would not be changed by the hydrothermal
conditions.

The ycssibility was further considered of transforming the already formed C—S—H
gel to crystallire 11 A-tobermorite by a new hydrothermal reaction in a medium
having a yH value favourable for its formation. However, no crystalline phase was
created, even though the pH after the new hydrothermal reaction had the desirable
value. This yassivity of the C—S—H gel cannot be influenced by additional introduc-
ticn of gypsum, ror by a new hydrotheimal reaction, in spite of the fact that the

pH value has again decreased.

CONCLUSION -

Hydrothermal treatment of the mixture consisting of 80 parts quartz and 20 parts
CaO at 175 °C for 5 Lours in aqueous suspension and in a medium having pH 10.5
yielded a component of essentially gel-tyre character (C—S—H gel) exhibiting
diffraction at 3.04 A or other phases, which have Leen called “imperfectly crystalline
tobermorite”, showing the characteristic diffraction line at 3.08 A, Stepped-up
additions of SOZ~ or Al3* jons 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 A-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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STUDIUM VLIVU pH PROSTREDI NA VZNIK VAPENATYCH
HYDROSILIKATOVYCH SLOZEK ZA HYDROTERMALNICH PODMINEK

Zden&k Sauman, Old¥ich Hoffmann*), Ivan Kocuvan**), Joze Ur§ié**)
Katedra technologie vyroby stavebnich hmot, Vysoké uéent technické, Brno
*) Vyzkumny ustav stavebnich hmot, Brno

**) Salonit, Anhovo, Jugoslavie

Hydrotermdlnim zpracovédnim smési sestdvajici z 80 d. kiemene + 20 d. CaO pri 175 °C po
dobu 5 h v podobé vodné suspenze byla v prostiedi o hodnoté pH 10,5 ziskdna slozka v podstaté
gelovitého charakteru (C—S—H gel), vykazujici difrakei ~ 3,04 A nebo dalsi faze, kterou jsme
oznadéili ,,nedokonale krystalicky tobermorit‘‘ s charakteristickou difrakéni linii ~ 3,08 A.
Pri odstupinovaném pridavku SO42~ nebo Al3t-iontt k zédkladni smési bylo zjisténo postupné
zvySovani stupné krystalizace vzniklé hydrosilikatové fédze a prostiedi po ukonéené hydroter-
malni reakei vykazovalo hodnotu pH ~ 9,8 resp. nizsi, vhodné ke vzniku 11 A-tobermoritu.
Morfologie ptechodu gelovitych slozek na dokonale krystalickou fézi byla ndzorné prokézéna
snimky z elektronového rastrovaciho mikroskopu.

Zvysenim pH reakéniho prostiedi alkéliemi byl silné paralyzovan pozitivni vliv siranovych
a hlinitych iontt a v prostiedi o hodnoté pH 10,3 a vyss$i nevznikly krystalické slozky tobermori-
tické skupiny.

Obr. 1. Rentgenové difrakéni zdznamy suspenzi kiemene s CaO « sddrovcem, 5 h[175°C (6. 1—6
tab. I). UZité symboly: N — ,,nedokonale krystalicky tobermorits; N’ — C—S—H gel;
P — CaS04.1/2H,0; Q — fB-kifemen (nizky);, S — CaSOLIII; T — 11 A-tobermorit;
X — aonotlit
Obr. 2. Stereoelektronogram suspenze kiemen + CaQ, 5 h[175 °C.
Obr. 3. Stereoelektronogram suspenze kiemen ++ CaO + 0,6% CaSO,4 . 2 H,0, 5 k175 °C.
Obr. 4. Stereoelektronogram suspenze kiemen + CaO -+ 0,5% CaSO4. 2 H,0, 5 h[175°C.
Obr. 5. Stereoelektronogram suspenze kiemen + CaO -+ 0,8% CaSO4. 2 H20, 5 h[175 °C.
Obr. 6. Rentgenové difrakéni zdznamy suspenzi kiemene s CaO + Alx(SO4)3 s pitdavkem NaOH,
5 h[175°C (8. 1—5 tab. II). UZité symboly viz obr. 1.
Obr. 7 Rentgenové difrakini zdznamy suspenzi kiemene s CaO -+ Aly(SOs4); s pFidavkem Na2SOs,
5h[175 °C & 6—10 tab. 11). Uité symboly viz obr. 1.
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H3VYULEHME BJIMAHMNA pH CPEINLI HA OBPA3OBAHHE
COCTABJIAIOWHX KAJBIUMHUTHAPOCUJMKATOB
B TIAPOTEPMAJIBHBIX YCJHOBHUAX

3jiener [layman, Ounpsxnx Poppmann*), Hpan Komysau**), Home Vpummu**)
Kagedpa meznoroeun u npouscodcmea cmpoumeavhvix stamepuanos, Bpro
*) H ayuro-uccaedocamenvckuti WHCIMUWMYM CMpoumesvkbly smamepuaaos, B pio

**) Canonum, Anzoso, FOzocaasus

IIps momomyr rujipoTepMaiibHOIl 00padoTKI. cMecl, cocTaAwed n3 80 wacreli KBapna
+ 20 uacreit CaO upn 175 °C B TeueHic 5 uacoB B BHAC BOJHOH cycIICH3uK Oblila B cpejie
BesmuuHoi pH 10,5 mosyueHa cocTaBisiiomas B CYIIHOCTI IeJieo0pa3HOro XapakTepa
(C—S—H reus) mokassiBalomast audpatumo ~ 3,04 A mwm gpyras Qasa, xoTopast 6mIA
HaMi 0003HaYeHa ,,HecOBEPIIEHHEI KPICTAWNIYeCKiiii TOOCPMOPHT'® ¢ XapaWTCPHCTHYECKOl]
sHueH judparmn ~ 3,08 A.

IIpn cryueHuarom podasneHmn SO42~ uin Al3+-110HOB K OCHOBHOII cMmecy OblIO ompe-
JleICHO IOCTEICHHOE NOBLIICHIE CTENEHN KpICTA:LIN3algin 00pagoBaBiueiica (asul ruupo-
CHJIMKATA 1I cpejla Jocie 3aKOHUCHHOIl IIIPOTepMaIbHOI PeaKIUnl 1I0KA3nBajla BeJHMUNHY
pH ~ 9,8 mn mike, ynooHyio fa odpasosanns 11 A — todepmopura. Mopdomorns nepe-
X0/la rejieodpasHLIX COCTABJIAIONUIX B COBEPHICHHO KPHCTAJLIMUCCKYIO (ady Obli1a HAIvIs;(HO
000cHOBaHA 11PN TIOMONNI CHIIMKOB M3 DJICKTPOMIIOrO cKaHHpylollero mukpockona. Ilosuinie-
uies pH peakiutoHHOIl cpefnl IPH IOMOLIH lites10yeii OLITIO CIILHO 110J[aBICHO 110JI0MKHTCI b-
HOE BJISHHE cYJb(ATHLIX It TYIHICTLIX II0HOB; B cpege ne/nrurrHoit pH 10,3 1 Bnime He
OpLnl 00Pa30BaHLI KPHCTAILIINYECKIC COCTABIIAIONIIE TOOCPMOPHUTIYCCKOIT I'PYIINEL.

Puc. 1. Penmeenoscrue dugpparyuoniwe sanucu gaeeceti keapya ¢ CaO w zuncom, d [175 °C

(No I—6 maba. 1); N — necosepuienno kpucmaasuveckute mobepmopum, N’ —
C—S—H zean, P — CaSOs.1/2 f{zO, Q — B-reapy (nusrui), § — CaSO, III,
T — 11 A-moGepsopum, X — kcoromaum.
Puc. 2. Cmepeoaaermponoepassa gasecu reapiy + CaO, 5 w175 °C.
Puc. 3. Cmepeosaexmponoepassta essecu reapy + CaO + 0,6 % CaSOy4. 2 H20, 5 «/175 °C.
Puc. 4. Cmepeoaaermporozpasna easecu reapy + CaO + 0,5 % CaSO4. 2 1,0, /175 °C.
Puc. 5. Cmepeosnesmponoepamsa e3secu reapy + CaO + 0,8 % CaSO4. 2 Ha0, /175 °C.
Puc. 6. Penmeenoscrue dufpparyuornwie sanucu sageceii reapya ¢ Ca0 + Ala(SO4); ¢ dobasroii
NaOH, 5 «/175 °C (Ne 1—& maba. 11). Obosnaverus car. puc. 1.
Puc. 7. Penmeernoscrue dugpparyuonnwe aanucu saceceli kgapya ¢ CaO + Aly(SO4)5 ¢ dodasnoii

Na2SO4, o 4/175 °C (Ne 6—10 maba. I1). O6osnaverua ca. puc. 1.
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Fig. 2. S.B.M. of quartz-CaO suspension, § hrs{175 °C.

Fig. 8. S.E.M. of suspension containing quartz + CaO -+ 0.5% CaSO4. 2 H20, § hrs[175 °C.
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Fig. 4. S.E.M. of suspension containing quartz + CaO + 0,5% CaSOs4. 2 H20, § hrs[175 °C.

Fig. 5. S.E.M. of suspension containing quartz + CaO + 0.8% CaSO4 . 2 H,0, 5 hrs/175 °C.
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The Conditions of Formation and Stability...

Fig. 8. 8.B.M. of the miwture C3A + CaCO; (1 : 1) — 2 hrs[181 °C.

Fig. 9. 8. BE. M. of the mizture C3A 4 CaCO; (I : 1) — 168 hrs[25 °C.
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