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Heterogeneous Equilibrium of Calcium Silicate Hydrate in Water at 30 "C 

By Kinjiro Fujii and Wakichi Kondo, National Chemical Laboratory for Industry (Tsukuba Research Center), 
Yatabe, lbaraki 305, Japan 

Calcium silicate hydrates (C-S-H), prepared a t  20 "C and 50 "C to have various CaO : SiO, molar ratios ( n ) ,  were 
examined for their compositions with particular attention to the combined water contents and to  their solubilities 
in water a t  30 "C. The C-S-H gels may be described as solid solutions of the type nCaO.SiO,.( n + 0.8) H,O, where 
n 2 0.8. A thermodynamic treatment was developed which enabled n to be calculated from solubility data; the 
n values observed were compared with those calculated. The conclusion reached was that non-equilibrium was 
liable to occur owing to the immature state of C--S-H. Also observed was the unusual property that the response to 
the varying calcium ion concentrations in the solutions was limited to within the surface layer of the C-S-H 
particles. The possible phase relations under the state of equilibrium are presented. 

KNOWLETIGE of the coniposition and properties of calcium 
silicate hydrate, KaO.SiO,(aq) (hereafter abbreviated as 
C-S-IT) ,t ancl its equilibrium is very irnportant in 
ccnicnt cliemistry. \Vhen syntliesised at  room teinper- 
at  urc froni calcium hytlroxicle and hydrated silica, or 
producccl 1)y hydration of SCaO*SiO, or @-2CaO*SiO,, it 
assumes a colloitlal state liaving an indefinite niolar 
C;iO : SiO, (C : S) ratio (12) and occurs as a liiglily dis- 
ortlcrecl pl iasc wliic-11 exhibits 1111 to fi1.e broadened X-ray 
l)ow(Icr clifiraction 1ines.l 3 In a CaO-SiO,--H,O 
system containing C-S-€1, tlie solid-liquid phase relation 
gcLncrally Lw-icIs as iollows. The ratio (P$) ill tlie solid 
pliaw riws alx-uptly to the orclcr of about 0.85-1.1 : 1 as 
tlic calciuni ion concentration reaches the level of 2 mmol 
(1111 3. Beyond tliis point the increase in the ratio 
becomes niucli more gradual but continues as the calcium 
ion concentration is further increased. Finally, tlie 
ratios attained in saturated calcium hydroxide solutions 
liave ranged from 1.4 to 2.0 in various inves t iga t ion~.~ .~*~ 

The nature of tliis continuous rise has contributed to a 
controversy as to the state of tlie actual chemical coin- 
bination. Either a solid solution 4 9 5  or a gradual modi- 
fication of tobcrmorite-like structure to a jennite-like 
one3*." has been assumed. To explain the divergence 
in n values a t  a constant calcium ion concentration, 
a special kind of internal absorptive system was sug- 
gested for C-S-H, where an expansible layer structure 
might expand irregularly depending upon the manner in 
which i t  had been prepared.' The model for the internal 
structure of C-S-H particles should be evidenced in some 
way. Because C-S-H is almost amorphous with only 
sliort-range order, X-ray methods give only a little in- 
formation about its structure. Of the various methods 
that have been used to provide information about the 
internal structures of C-S-H particles, trimetliylsilyl- 
ation has proved the most effective,* by which anion 
constituents of C-S-H can be qualitatively or quantita- 
tively determined. 
tlie method has been improved,l0?l1 especially by Tam& 
et al. Although rapid progress is being made with it 
a t  tlie present time and a number of other measurements 

Since the pioneer study by Ixntz 

7 Throiigho~it thi.; paper, conventional cemcnt chemistry 
notation IS i i b c d ,  i . r .  C - CnO, S = Si02, awl H -- €I&). 

liave been reported,8*lZ it does not appear that  C-S-H 
Iiii5 as yet been well characterised. 

111 the present study, tlie gross compositions of the 
various colloidal C-S-H gels were determined as reported 
pre~~iously,~* l3 l5 using an improved solvent extraction 
inethod for tlie estimation of combined water. The 
solubilities of C-S-H were examined at  30 "C, the silica 
concentration in tlie high calcium ion concentration zone 
being especially carefully measured. The data h a ~ e  been 
discussedas regards towhether they are indicati\Te of ' true' 
ecluilibriuni or not on tlie basis of an equation, derived 
tlirougli n tliermociynaniic approach, to permit tlic ratio 
(12.) of tlie C-S-H, postulated as a solitl solution, to be 
calcula1,lc from t lie composition of  a co-exist ing aq ucous 
solution. 

EXPERIMENTAL 

PvepnvntioPz of C-S-H Sfiecimens for .4 ?zalysis.-Tlic 
C-S-H specimens were prepared by double tlecornposition of 
sodium silicate antl calcium nitrate so as to givc a v;~luc of  
I I  in the range 0.3-2.0, see equation ( I ) .  

nNa,O.SiO,(aq) + 11Ca[N0,], 
izCaO.SiO,(aq) + 2tzSaiS( 41 ( 1) 

A freslily prepared sodiuni silicate solution (ca.  10 g 
as nNa,O*SiO,) was placed in a polyethylene bottle and 
diluted with C0,-free water. An equivalent amount of 
calcium nitrate solution ( 1 in01 d n ~ - ~ )  was gradually added 
n it11 continual stirring until the total volume reached ca. 
600 cm3. After the resultant niixtures were aged a t  20 "C 
or 50 "C ~ i t h  occasional stirring for about one month, the 
precipitates produced were separated and washed centri- 
fugally with calcium hydroxide solution (ca. 0.0 1 mol 
dn-3) to remove sodiuni and nitrate ions. The precipitate 
tvas tlicn placed in a filter press $ to squeeze out the excess of 
uxter, to form a hard paste liaving a water content of about 
,X--60':: by  weight. During this operation, precautions 
\\-ere exercised to prevent specimens from absorbing CO,. 
Mowever, since a sniall amount of carbonate (less than 
2.5  wt.O, CO, on the ignited sample basis) was present, each 
1 The precipitate was placed inside a rubber ring (20 mm inside 

diameter, 35 mm outside diameter, and 3.5 mm in thickncss), 
hcltl between opposed strata each consisting of one sheet of 
nylon cloth and several sheets of filter papcr (for absorption of 
watcr), \cluee,xd \\it11 a plunger to ;t pressure of 3 - l W  kg 
cni-2, antl thcn, after rcplacing the sheets 01 iiltcr papcr \ \ i t h  ncw 
oiic's, squcezcd again.  
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specimen was analysed separately for both carbonate and 
free calcium hydroxide to permit necessary correction. 
The correction for sodium or nitrate ions was of little signi- 
ficance. Sodium oxide was determined by flatne photometry 
in  two cases: 0.05 and 0.023 wt.% for specimens of C : S of 
1.75 and 1.24 : 1 respectively, while NO,- was less than 
0.2 wt.O/o for both when determined by a conventional 
niethocl using IJ)cvarda's alloy to reduce nitrate ion to 
aninionia. 

Hydrated silica, one of the pure components in the CaO- 
Si0,-H20 system, was also tested for its combined water. 
The specimens were prepared, some by a method resorting 
to neutralisation of a sodium silicate solution with nitric 
acid, and others by a method involving hydrolysis of puri- 
fied silicon tetrachloride introduced dropwise into water 
kept constantly at 50 "C, then the silica gel formed was 
centrifugally washed and then squeezed as described above. 

Measurement of the SoZubiZity of C-S-H in Water.-The 
C-S-H gels for this experiment were classified under three 
types (L, M, and H) all of which were prepared by the same 
procedure, except that  the compaction by filter press was 
omitted in order to make the precipitate ready for dispersion 
in calcium hydroxide solution. For the type L, the pre- 
cipitates from the double decomposition reactions with 
n = 1 : 1, 2 : 3, and 1 : 3 in equation (1) were not sub- 
jected to ageing in their mother solutions but were im- 
mediately washed with C0,-free water and then with 
calcium hydroxide solution (4 x rnol dm-3). By this 
procedure, three different specimens having corrected C : S 
molar ratios of 1.15, 0.77, and 0.41 : 1 were prepared, 
designated as La, El,, and L, respectively. On the other 
hand, types M and H were formed with n = 2 : 1 [equation 
(l)] and the resultant mixtures were left to age for about one 
month a t  20 "C for type M and at 50 "C for type H. The 
resultant precipitates were washed by the same procedure, 
except that  the concentration of the calcium hydroxide 
solution was 0.01 mol dm-3. Their corrected C : S molar 
ratios were 1.24 : 1 (type M) and 1.75 : 1 (type H). 

The experiment on the solubility at 30 "C was carried out 
by using these C-S-H gels; that  is, several 10 g portions of 
each gel (ca. 0.2-0.5 g as anhydrous solid) were added 
to calcium hydroxide solutions (GCC. 500 om3) of various 
concentrations and left to stand a t  30 "C for 1-6 months. 
During this period, the mixture was stirred once or twice 
weekly. At the end of the period, both the liquid phase 
taken out through a 100-cm3 pipette provided with a special 
filter * and the co-existing solid phase were analysed. 

AnaZysis and EquiPnzent.-The aqueous solutions were 
analysed by titrating with a standard solution of ethylene- 
diaminetetra-acetate (edta) for the calcium concentration, 
spectrophotometricaliy for the orthosilicic acid,Is and by 
titrating with 0.1 mol dm-3 HC1 solution in the presence of 
bromothyniol blue to determine hydroxide ion. The solid 
phase was analysed in the usual manner by dissolving in 
perchloric acid, evaporating to dryness, and igniting the solid 
residue after filtration. The silica filtrate was analysed for 
calcium as described. The combined water content of a 
given pasty specimen was estimated as the difference between 
the total water and the free water determinable by extraction 
with ethyl methyl ket0ne.l' Free calcium hydroxide was 
determined by a solvent extraction method using an o- 
cresol-ethyl alcohol solution and a small amount of CaC1,. 

* A polyethylene tube (7 mm in diameter) was packed densely 
with a bed of vinyl chloride fibres to a height of about 50 mm, 
and each end was covered with a sheet of nylon cloth. 

2H,0."3 Carbonate was estimated by the titration method 
of Konishi la in which carbon dioxide evolved from the 
sample by mixing with sulphuric acid is absorbed in alkaline 
solution (Na[OH] + RaC1,) , the residual hydroxide being 
titrated with standard hydrochloric acid. 

The X-ray diffractometer used nicltel-filtered Cu-K, 
radiation at 40,.kV and 40 mA. The electron micrographs 
of the ultrasonicated samples were taken in the usual manner 
with a transinission electron microscope (JEOL JEM-T8). 

RESULTS 

Nan-stoicheioneetry of C-S-H.-In the experinicnt, special 
attention was paid to the effect of the change of C : S ratio 
of C-S-H upon the combined water content. The relation 
obtained was as represented in Figure 1 after correction ~ Y L S  

macle for free calcium hydroxide and carbonate contents. 

3.0 t 

1 1 1 I 

05 10 1 5  2 0  

Molar ratio CaO: SiO, 
FIGURE 1 Correlation of inolsr H,O : SiO, ratio with CaO : 

SiO, ( n )  of the calcium silicate hydrate (C-S--€I): prepared 
by the method of equation ( 1 )  and aged a t  20 "C (0) ant1 50 "C 
(0) : prepared by complete hydration a t  20 'C o f  p-C,S (0 )  and 

It is seen that in tlie zone of higher C : S molar ratios, tlie 
H20 : SiO, ratio increases with the increasing C : S ratio in 
a substantially straight line relationship with a n  inclination 
of about 45O; this line intersects the vertical asis where 
H,O : SO,  N 0.8 : 1, no matter whether the specimens hat1 
been prepared at 20 "C or 50 "C. The C-S-H specimens 
prepared by the hydration of SCaO*SiO, atid P-2CaO*Si02 
have compositions expressed as 1 .68Ca0-SiO2*2. 58H,O l7 

and 1.80Ca0*Si0,*2.41H,0,20 respectively. When these 
particular compositions are plotted on the same graph, they 
assume positions close to the same line. From these 
results, the C-S-H composition may be approximately 
represented by the formula nCaO*SiO,.(n + 0.8)H20 (where, 

c3h (m) 
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0.8 < n < 1.8), which suggests the formation of a solid- 
solution series consisting of two components; Ca[OH], and 
' Si0,*0.8H20 '. 

It is noted that the applicable range of the formula 
extends as far as n 21 0.3 in the case of specimens prepared 
a t  50 O C ,  whereas in the case of specimens at 20 "C the co- 
ordinates deviate by leaping from the straight line below 

1.0 
8 1  

6 t  

* t  'p 
2 4 6 8 10 20 40 60 80100 

0 001 
1 

[Ca2+] lmmol  dm-3 
Variation in concentration of silica with tha t  of cal- 

ciiim ion at 30 "C. Curve (a) represents the minimum relatioii 
between them (i.e. the minimum value of one at any given v;iluc* 
of tlie other), while curve (0) is tor specimens I,, ((J), IAb (a), 
L, (A). The initial niolar C : S ratios were l .lfja 0.77,  arid 
0.41 : 1 for L,, Lb, and L,. arid 1.24 and I .7.5 : 1 for &I ( [  2) am1 
H (m) respectively. 

FIGURE 2 

Curve (c) is from ref. 22 

n 21 0.8. This deviation inay possibly reflect the structure 
as being in an immature state. 

=- 0.9 (pre- 
pared a t  20 "C), 1.24 (20 "C), 1.49 (50  OC), and 1.75 (50 "C)  
were obtained. The four lines characteristic of C-S-H at 
3.06, 2.80, 1.83, and 1.67 A were found for all of thein. l'hc 
specimens with n = 1.49 and 1.75 however gave weaker 
lines than those o f  n = 0.9 and 1.24 (except the line a t  1.83 
A) and assumed fibrous or needle-like habit. 'Hie particles 
of n = 0.9  and 1.24 were in the shape of crumpled foils or 
plates. The specimen with n = 0.34 had ail amorphous 
structure consisting of thin plate-like particles 0.05--0.1 p i  

in diameter, in contrast to ail extreiiiely small globule-like 
appearance of hydrous silica particles (0.02-0.03 pin). 

The combined water content of the specimens o f  hydrous 
silica prepared from sodium silicate and from SiC1, in- 
variably fell within the range of 0.2% & 0.04 in terms of 
H,O : Si02 niolar ratio, whether after v;Lcuuiii tlrying a t  
40 "C or after solvent estraction with ethanol. 'I'hese v;ilucs 

X-Kay patterns o f  the specimens liaving 

do not contradict those reported.21 The values obtained by 
solvent extraction using a mild solvent, ethyl methyl 
ketone, capable of providing selective solution of free water 
with least dissolving action on bound water molecules, fell 
within the range 0.44-0.53 (approximating to 0.5). This 
fact suggests that  the hydrous silica has a composition of 
Si0,.0.5H20 or SiO,.,(OH) antl has a structure with an 
average of one OFT group bound to one corner of each SiO, 
tetrahedron. 

Solzddity of C-S-H in Water at 30 "C.-Of tlie results for 
the solubility of C-S-H at 30 OC, the relation between 
calcium and silica concentrations in the liquid phase, is 
represented in Figure 2, and the dependency of the C :  S 
molar ratio in the solid phase upon the calcium concentration 
in the liquid phase in Figure 3. Ttie final compositions of the 
solid and liquid phases varied depending 011 tlie initial C : S 
molar ratio in C-S-H and the calcium ion concentration in 
the liquid phase; viz. the initial C-S-H absorbed Ca2' ion 
from the liquid phase of high calcium ion concentration, 
and conversely released Ca2 ion into the liquid phase of low 
calcium ion concentration, so as to reach tlie state of an 
apparent equilibrium. Roller and Ervin 22 found five 
days' contact sufficed for the system to reach the steady 

[ C ~ O I I ~  I-' 

0 0.2 0 4  0 6  0 8  1 0  1 2  1 4  

t 
06--~& 

0 4 8 12 16 20 24 

[ Ca2+] in water/ mmol  ~ l r n - ~  

1 ; I C l J R l i  3 hlolar ratio C : S o f  solids as a function o f  tlie concen- 
tration of calciuin ion in water at 30 Y:. l h t a  arc lor I, (c ) ) ,  L,, 
(a), I+. (A), 11 ( i . J )s  and 11  (H); and from ref. 4 (A). Curvc. 
( u )  rcprcsents the rclation most approximating the ' true ' equili- 
brium, antl curve ( b )  is f o i -  the specimeiis o f  L type; the two 
curves are obtained by usc o f  ccluation ( I ? ) ,  and  thc  da ta  from 
curves ( a )  and (b)  in I;i,gure 2 respectively 

state, but in this work the contact was continued €or 1 - 4  
months, even though no further signilicant tlifference i II 
analytical coinyosition o f  liquid pliase was obser-vetl. 

A s  lias been previouslv tliscussed,' however, the tl;it-n on 
cquilibrin bet\veeii t h e  solid ant1 l i c l i i i t l  plixses tlthpthii(1 I J 1 1  t l i c k  
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original C-S-H specimens. It is noted from Figure 3 that  
in the system using the low-calcium type specimen L, the 
C : S molar ratio in the solid phase was generally low so that 
i t  barely rose to the level of 1.5 even in a saturated calcium 
hydroxide solution, whereas in the system using the high- 
calcium (type H) specimen, the ratio reached the level of 
1.87 as the maximum. In conjunction with this, i t  is seen 
from Figure 2 that ,  near the saturated calcium hydroxide 
concentration, the silica concentration was lower in the 
system using the specimen H. This suggests that  the system 
of the specimen H assumed a state more approximating the 
equilibrium in such a zone of high calcium ion concentration 
than the type L specimens. In  contrast, in the zone of 
niediuni to low calcium ion concentration, the specitlien A4 
exhibited the lowest silica concentration and it is closcr to 
the state o f  equilibrium than the specimen H. 

Of the results shown in Figure 2, the data obtained for tlie 
specimen I, are fairly close to those of Holler and Ervin 24 
in the zone of medium calcium ion concentration. In  
view of  the enhanced solubility, however, the steady state 
attained for this specimen will hardly represent a thermo- 
dynamic equilibrium. A t  the time of preparation tlie 
specimens M and H were subjected to ageing for about one 
month in their mother solution, while I, had no ageing, 
which niay have caused i t  tn be in a metastrtblc or mi 
immature state. 

n I sc I' ss I O N  

The C-S-H gels have been prepared from various 
starting materials, such as tricalciuni silicate, a mixture 
of calcium hydroxide-silica gel, and calcium nitrate- 
sodium silicate. These different preparations, wlien 
formed at  room temperature with la = 0.9-1.5 in early 
work by Taylor,, gave almost the same X-ray pattern 
for the product. In the present work, the composition 
of C-S-H gel was formulated as nCaO*Si0,*(1t + 0.8)H,O, 
where ?z varies within the range 0.8 < ?z < 1.8. These 
results may imply the formation of a solid-solution series 
with regard to C-S-H gel, and if the solid solution is 
postulated it is possible to estimate tlie value of qz from 
the solubility data using an equation (12) derived 
thermodynamically as follows. 

Ilerivntioit of the Formula indicatiizg a Phasc Relation 
in Hcterogtmeous Eq.uilibriuni.-We assume C-S-H to be 
a two-component solid solution consisting of CaLOH], 
and an imaginary component ' SiO2*0.8H,O ' with mol 
fractions LYl and X2 and chemical potentials pl(s) and 
p2(s) rtbspectively ; the Gibbs-Duheni ccluation for 

S,dp,(s) + X2dp2(s) = 0 
32 = Xl/'Y2 = --dp,(s)/dp,(s) 

(2) 
(3 

C-S-I I under constant temperature and pressure can bc 
written in cqiiations (2) or (3). 

p2(s) + 1.2pITto(1) = p2(1) may be always satisfied, 
where pl(l), p,(l), and pl,,o(l) are the chemical potentials 
of each of the CaCOH],, H,SiO,, and H,O components 
respectively in the liquid phase and orthosilicic acid is 
formed by a dissolution reaction nominally described as 
' Si02-0.8H,0 ' 4- 1.2H20 = H,SiO,. 

Since the liquid phase will be a very dilute solution 
with a molality not exceeding 0.1 rnol kg-l, pH,0(1) may 
be regarded as a constant and  both pl(l) and p2(1) as 
functions of only the molalities m, and m2 of these com- 
ponents. Thus, equations (4) and (5) can be obtained. 

44~) /dvAs)  = dP,(l)/dP,(l) (4) 

} (5 )  
dpl(l) -= dpx -< ( o"p,/2w,)dml $- ( bp1/am,)dm2 
(1!L2(1) = dp, = (ap,/am,)clm, 4- ( i3p2/anz2)dm, 

Hence we have the ratio of tlic two total differentials in 
tlie form of equation (6). Let (lpJ?wz,), (Zp1/&n2), rtc. 

'b2IdVl 
--- [G,, + G2,(di~t,/d~n1)l/jCl1 -t G,,(dm,/dn2,)] (G) 

be abbreviated as G,,, G,,, utc., and G,, = G,, will 
geiierally liolcl from the standpoint of differentiation. 

1 lie chemical potential, p,, of calcium hydroxide in the 
aqueous solution can be expressed as in equations (7) and 
(8 ) ,  wherc.in p: denotes a constant arid y and 911 the 

I .  

p1 = p,lcr + RTlIly,(nzo,Pt>(nzo~r ), (7) 

y, = (?(:a'+) (yo11 (8) 

activity coefficient and molality of the ion indicated as 
a subscript. Differentiation of p, with respect to nt, and 
m2 yields equations (9) and (10). Based on consideration 

of the equilibrium condition for the dissociation of silicic 
acid, we obtained tlic dcrivati1.e of p, with respect to ni2 
in the form shown in equation (11) (see Appendix 1) .  

G,, = ap,/;im, x KT/na, (11) 

Tlic equations (9), (lo), and (11) can be substituted in 
equation ( G ) .  Since a review of the numerical values 
involved indicates G,, 9 G,, (dm,/dm,j in practicc., re- 
arrangement of equation (6) gives equation (12). 

In this equation, tlie derivatives ( 21nyl/ihzl), (alny,/ 
~JPZ,), (amol~-/8nt , ) ,  and ( a ~ ~ z o ~ ~ - / B n t , )  can be evaluated 
from the experimentally found wzl and 912,  values by use 

When this solid dissolves in water to establish a 
heterogeneous equilibrium, the silica component will 
mostly dissociate to give such monomeric anions as 
H,SiO,- and H2Si0,,- of very low concentration in the 
resultant alkaline s ~ l u t i o n . ~ ~ ~  Hence pl(s) = pl(l) and 

of the following equations (13)-(20). The derivations of 
these equations are briefly shown in Appendix 2. 
I is ionic strength and K ,  and K ,  denote the dis- 

sociation constant of water and that for tlie equilibrium 
H,SiO,- + H+ + H2Si0,"-, respectively. 
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The term (-dp2/dpl) equals the value of f i  indicating 
the C : S molar ratio of the solid C-S-H from equation 

alnyl/aml = -(36 - 4.14)[5 - (am~~, - /am,) j  

a1ny1/am2 = (36 - 4.14)[1 + (~moH- /am2)]  
(13) 
(14) 

amol1-l am, 

where 
ct = 2.32614/(1 + la) + 0.6911 (17) 
p = n.tokl-Kw-1K2expcc (18) 
6 = 1.163/Ia(l + 14)' + 0.691 (19) 
I = 5inl - moIF- - inz (20) 

(3), tliercfore 1% can be calculated from tlie m1 and 1n2 

actually found in the liquid phase. 
The Natzwe of C-S-H in Eq.uiZibri~m.-The data shown 

in Figure 3 indicate a divergence in n values at a constant 
calcium ion concentration, which is contrary to the 
solubility beliaviour of a pure substance. In order to 
find out why this lack of reproducibility occurs, we 
examined wlietlier true equilibrium was attained in 
different experiments. That is, by applying equa- 
tion (12), an n value was estimated for C-S-H, which 
ought to be in equilibrium with the aqueous solution a t  
any given niolality of wzl and m2, with which those 
observed were compared. 

In using the equation, the term dlnm2/dlnnz1 can be 
found from tlie gradient of the smooth curve drawn 
tlirougli the experimental points in 1;igure 2, where 
curve (b )  is for the specimen IJ and curve (a) represents 
tlic mininium relation between m1 and in2.* Thc values 
of ~ ~ ~ ~ 1 1 -  were measured expcrimentally, and also found by 

are in good agreement with those measured. The 
numerical values of moH- obtained with regard to curve 
(a) are listed in the Table. The average charge of silicate 
ion, Z(charge/silicon atom), in aqueous solution was 

20 - 
16 - 

12 - 
10 

k 8- 

- 
m 

I 
0, 

.-IN 

0 

1 o L . L - . L - I J  
0 4 [Caz+] 8 12 lmrnol 16 20 dm 

I I l l  1 1  

6 8 10 12 16 20 

mmol dm-3 

~ ; I G U R E  4 Variation il l  concentration of hytlroxitle ioii with that 
of calciuiii ion a t  30 "C.. Data are for L, ( O ) ,  Lt, (a), I,, (A), 
M (u), and XI (B); and from ref. 22 (A). Curves (a)  and 
(b) were calculated by use of equation (33) and data from curves 
(a) and (b)  in IGgurc 2, which fit the obscrved plots. lnset 
[data from curve (a) (a), curve (b )  ( O ) ]  shows the dcpcndencc 
of average chargcs of silicate ion (Z) on the concentration of 
calcium ion 

obtained froin (2m1 - wz'ytoll-)/wz2, where tlic calculated 
values of mOH- were used. From the inset in Figure 4, 
the negative charge 2 is found to increase sharply from 
1.2 to 1.8 with increasing zzzl from 1.0 to 8.0 mniol kg-l, 
then flatten below a level of 2. This result does riot con- 

Calculation of nioldi- CaO : SiO, ratio (n) in C-S-H by use of equation (12) am1 data given by curve ( a )  i n  1;igure 2 

fill/  m2l 
1ii:iiol kg-l mniol kg-l 

1 0.260 
2 0 .  I 12 
3 0.063 
4 0 . 0 4  0 
5 0.027 
fi 0.050 
x 0.011 5 

10 0.007 
12 0.004 5 
14 0.003 2 
1 t i  0.001 9.5 
18 0.00 1 33 
20 0.000 9 

191 0 H - [ I  
inniol 1cg-l ~ii~iiol  kg-1 

1.87 3.07 
3.84 8.05 
3.90 9.03 
7.!H 12.0 
!I.% 15.0 

11.97 18.0 
15.98 24.0 
1!).9!) 30.0 
24.0 :Mi.() 
28.0 42.0 
32.0 48.0 
36.0 54.0 
40.0 60.0 

use of equation (33) (see Appendix) as a function of m1 and 
wz2. Two series of computations for moll- were made 
using the values of m, and m2 from curves (a) and (b )  in 
Figure 2. The resultant values, as indicated in Figure 4, 

* For a very dilute solution of C-S-H in water, the concentration 
data (mol dm-3 of solution) can approximately be used in terms of 
molality (mol kg-l of water). 

(am0H-l 
a%) 
1.944 
1.985 
1.994 
1.907 
1.999 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 

( a " 0 H - l  

am,) 
- 1.1!)7 
- 1.41 
- 1.53 
- 1.81 
- 1.67 
- I .72 
- 1.78 
- 1.82 
- 1.85 
- 1.87 
- 1.89 
- 1.90 
- 1.91 

(dl11rw ,/ 
dl 11 nz 2) 

-- 1.16 
- 1.27 
- 1.35 
- 1.64 
- 3.63 
- 1.73 
- 2.00 
-2.25 
- 2.52 
- 2.7G 
-- 2.95 
- :3.14 
-3.31 

('W 
( b l )  

-0.82 
- 0.!17 
-- I . 0 7  
- 1.13 
-- 1.25 
- 1.32 
- 1.46 
-- 1.5!) 
- 1.72 
- 1 .x:: 
- 1.92 
- 2.00 
- 2.08 

flict with tlie postulation that the monomers, H3Si0.i-- 
and H,Si0,2-, are predominant of the silicate ions in a 
dilute calcium hydroxide solution. 

The solubility data for the L type specimen were 
treated first. In  the steady state, the solid showed en- 
hanced solubility on the whole and its 'yt value rarely 
exceeded 1.5 even after prolonged contact with the 
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nearly saturated calcium hydroxide solution. This 
suggests that  the solid remains in its original immature 
state attained a t  the time of preparation, as afore- 
mentioned. The 12 values were estimated in accordance 
with equation (12) using the data of curve (b )  in Figure 
2. Curve ( b )  of Figure 3 is consequently obtained, wliicli 
fairly well follows the experimental plot (although dis- 
placed slightly above it). 

It is noteworthy in Figure 2 that  abovc 8 mmol kg-l 
with respect to m, almost the same solubilities are found 
for both M and H specimens, despite the different coni- 
positions of the equilibrated solid phases as sliown in 
Figure 3. This unusual behaviour may be explained by 
postulating that the response of the C-S-H to tlic varying 
calcium ion concentrations in tlic liquid pliases in which 
tliey were placcd is liniitcd to only tlic surface l a j w  of 
tlie C-S-H particles. In other words, tlic different kinds 
of M and H particles are modified to have the same 
surface layer product, but most of the respective inner- 
core portions remain iincliangcd during equilibration. * 
This apparent cquilibration may be illustrated schematic- 
ally by line 3 in Figure 5 which indicates the change 
in chemical potentials, p(s) and p(l), with regard to tlic 
component Ca[ OH], tlirougli a boundary prodiict 
between solid and liquid pliases. 

If this model is acceptable, curvc ( h )  in Figure 3 
might indicate the n values for tlic cxl)oscc"l surfacc 
products of the equilibrated solid prticlcs fi-om L tylw 
specimens, and furtlier it is possible to estimate tliose for 
thc surface products in the state most app-oximating tlie 
thermodynamic equilibrium under the assumption that 
the postulated surface products form a continuous series 
of solid solutions. For this estimation, curve ( a )  in 
Figure 2 will be useful since it reflects tlie state required, 
and so tlie n valucs were calculatcd in a similar inanner 
using equation (12). Thc results are givcn in the Table 
and by curve (a )  of Figure 3. 

From Figure 6, the postulated surface ;)rotluct, when 
equilibrated in dilute calcium hydroxidc solution , should 
have a lower M value than the average for the whole solid 
particle as interpreted by line 1,  whereas in a con- 
centrated calcium hydroxide solution it sliould have a 
higher IZ value (line 3, Figure 5). In compliance with 
this requirement, the resultant curve (a )  in I;igui-e 3 falls 
below the plot found with the specimens of H type in the 
zone of a lower calcium ion concentration, and above the 
plot in the zone of a higher concentration (ml :- ca. 13 
nimol kg-1). The n \ d u e  for curve (a )  in Figure (3) at  
wz, = 13 niinol kg is cu. 1.75, and is equal to the 
initial IZ value of tlie specimen o f  H type. This situation 
fairly well corresponds to the state of line 2 in I"g 4 1  ure 

* I t  is notcd that an analogous solubility bchaviour was ob- 
served in the system of hydroxyapatite-water, whcre the release 
of ions from the particles and the simultaneous formation of the 
surface complex, Ca2(HP0,) (OH),, account for the apparent 
solubility of h y d r o ~ y a p a t i t e . ~ ~  Thus a contributing factor t o  the 
solubility is likely to be the presence of a surface complex with 
definite composition, while in the C-S-H-H,O system the 
surface product is non-stoicheiometric, which would make the 
solubility behaviour of the C-S-H more complicated. 

5. A similar tendency is found with regard to  the plot 
from the specimens of M type having an initial TZ value of 
1.24. 

From these results, the authors believe that the form- 
ation of the surface products or ' a surface layer equili- 
bration ' is a useful postulate for understanding the 
solubility behaviour of C-S-H, and that curve (a) in 
Figure 3 derived from the solubility data represents the 

1'" 
- Distance 

1;1c.11 RE, 5 Schcniatic diagram for the apparent equilibration of 
C-S-H in calcium hydroxide solution through the formation of 
a surface prodnct, as interpreted by the chemical potential (p) 
of a. component, Ca[OH],, us. distance. Line 1 :  from C-S-H 
particles (H type) thc cornponcnt CajlOHJ,, with an initial 
p(s)  of (H) on the ordinate, is partially released to  form the 
surface product with a thickness of Z I ~  and a potential level 
o f  1, when they contact a dilute calcium hydroxide solution of 
molality M,, whose equivalent p(1) is indicated by ( m J .  
Line 3 :  no substantial change occurs for the same particles 
when they contact a calcium hydroxide solution of molality m,. 
Line 3:  for C-S-I1 particles ( I 1  and M types), adsorption of 
calcium (with slight release of silica) occurs t o  form the surface 
product with the same potential level of 3, when they contact 
concentrated calcium hydroxide solutions of molalities mSH and 
m a M  respectively 

possible phase relation between C-S-H and water most 
approximating the thermodynamic equilibrium. Among 
the published results, those obtained by Greenberg and 
Chang4 approximately fit the curve (a) of Figure 3, 
except for the zone of high calcium ion concentration. 
The C-S-H specimens they used were obtained by 
stirring hydrated silica and calcium hydroxide in a 
suspended state at  50 "C for a long time and were sub- 
jected to tests for equilibrium at 25 "C. I t  has been 
reported that C-S-H having a value of n of 1.5-2.0 can 
be formed in a substantially saturated calcium hydroxide 
so1ution.l Recently, when the hydration product of tri- 
calcium silicate was tested by means of scanning- 
electron microscopy (s.e.m.) and electron-microprobe 

or by the combination of s.e.m. and 
energy-dispersive spectrometry,28 the n values were 
found to range from 1.9 to 2.0 at  some, if not all, sites. 
These values closely approximate the 12 value of ca. 
2.1 calculated for the zone of calcium ion concentration 
near saturation. 
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APPENDIX 

In dilute alkaline solution (pH > lo) ,  most of the 
silicic acid dissociates into such monomeric ions as H,SiO,- 
and H2SiOP2-rss 23 for which the successive dissociation 
constants K, and K, [equations (21) and (22)3 are estimated 

1. 

K ,  = (ySlmSl~w)/(~OH-mOH-m~) (21) 
K2 = ( ~ S ~ ~ S ~ K W ) / ( ~ S ~ ~ O H - ~ S ~ ~ O ~ - )  (22) 

to be 10-8.8 and The balances in mass and 
electric charge in the aqueous solution of C-S-H are repre- 
sented by (23) and (24) where subscripts SO, S1, and S2 

at  25 0C,23 

rn2 = ma 4- msl + 1 ~ ~ 8 ~  (23) 

(24) 2m, = ? n 0 l I -  + nzs, + 2ms2 

deiiotc H,SiO,, H,SiO,-, and H,Si0,2- respectively. Thus, 
when w1 and m2 are defined as independent variables 
the other molalities WZOH-, mm, msl, and mg, and the activity 
coefficients become the functions of the two variables since 
they are related by the four equations. 

The equilibrium condition for the dissociation of silicic acid 

h, = pSo = pH+ -t- PSI = 2PH+ + PS2 (25) 

p2 = psoO + RT lnma (26) 

requires equation (25) to hold, giving equation (26). The 
differentiation of p2 with respect to m2 gives equation (27). 

By eliminating wzsl and mS2 from equations (21), (22), and 
(23), we obtain equation (28). Replacing the terms in the 

m2 =- c1 + (mOH-yOEI-K1/ySIKw) + 
(m 0 H- 1 (yo11 -1 ( ~ 1 ~ 2 / y s 2 ~ w 2 )  I mso ( 28) 

square bracket temporarily by F and differentiating this 
equation gives equation (29). 

aiuz2/&nso = F + mM(aF/ama) (29) 

Since data analysis shows F 9 rnm(aF/amm), the right- 
hand side of this equation can be approximated to F.  
Therefore, equation (27) reduces to equation (1  1). 

For the activity coefficient of an ion with charge 2 
in a solution with an ionic strength I < 0.1 mol drn-,, an 
extended Debye-Huckel relation is written in the form 2B 
of  equation (30) and thus lny, [ =ln(yctls+) ( y ~ ~ ~ - ) ~ ]  becomes 
equation (31),  where the ionic strength 1 is given by 
equation (32). Since m a  is much smaller than (msl + ms,), 

2. 

-10g,,y = 0.505Z214/(1 + 13) - 0 .31  (30) 
-lny, = 6.97814/(1 + 1%) - 2.071 (31) 

I = +(4mCa3+ + mOH- + mS1 + 4mS)l (32) 

we can make the approximation (23’). Thus, from equations 
(23’) and (24), equation (32) reduces to give equation (32’). 

m, k! ms1+ msa (23’) 

I = 5m1 - mOH- - m2 (32’) 

Partial differentiation of lny, with respect to m, and m, 
by making use of equations (31) and (32’) yields equations 
(13) and (14). 

The relation between m,, m2, and mOH- can be shown as 
equation (33), which is derived from equations (22), (23’), 
(24), and (30). 

2m1 = morI- + m2[(1 + 2mo~-Kw-1K,expa)/ 
(1  + mori-~~w-’~,exp~)] (33) 

Then, the partial differential coefficients ( ~molr-/i?m,) and 
(anzoH-/i3m,) can be obtained by carrying out the implicit 
differentiation with respect to equation (33) in the forms of 
equations (15) and (16). 

The authors wish to express their gratitude to Messrs. Y. 
Takada, T. Ito, A. Kitsunezuka, M. W‘atanuki, and S. 
Hoshino for their kindness in taking charge of part of the 
present experiments. 
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