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The Nature of the Silicate Species in Sodium Silicate Solutions1 
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An analysis of the literature data and e.m.f. and conductance measurements of the present study was made to determine 
the degree of polymerization of the silicate ions. I t was concluded that in relatively dilute solutions and in solutions above 
pU 10.5, the silicate ion is monomeric. The pKi and pK, values for silicic acid Si(OH)4 at 20° are 9.85 and 11.8, respec
tively. The equivalent conductance of the silicate ion SiO(OH)s~ was estimated to be 35 at 25°. 

Although the nature of sodium silicate solutions 
is fairly well understood in its broad outlines, 
confusion exists as to the degree of polymeriza
tion of the silicate ions,3 The literature data and 
e.m.f. and conductance measurements of this 
study were analyzed according to current theories 
to determine this information. The hypotheses 
were tested by evaluating the ionization constants 
of silicic acid Si(OH)4 and the equivalent con
ductance of the silicate SiO(OH)3

- ions. 
The equilibria associated with monomeric silicic 

acid and those active in sodium silicate solutions 
have not been treated adequately. For example, 
the negative logarithms of the dissociation con
stants of silicic acid have been reported4-10 be
tween 9 and 10 for PK1 and between 12 and 14.3 
for pKi. The molecular weights of silicic acid in 
sodium silicate solutions have been determined by 
light scattering,11 cryoscopic, diffusion and trans
ference measurements12 but no theory has been of
fered to explain the results. 

In the present study the dissociation constants of 
silicic acid were calculated from e.m.f. measure
ments found in the literature13 and from con
ductivity measurements on sodium silicate solu
tions with Na2OiSiO2 mole ratios of 1:0.5, 1:1, 
1:1.5, 1:2 and 1:3. The electrical conductivity 
results and data taken from the literature were 
used to evaluate the equivalent conductance X0 
of the SiO(OH)3

-ions. 

Experimental 
Equipment.—For the equilibrium studies a water-bath 

held constant to ±0 .01° was employed. Conductivity 
measurements were made with a Philips (Eindhoven) Bridge 
Xo. GM4249 and both Philips and Industrial Instruments 
dip cells14 with constants of approximately 1.0 and 0.5 cm. - 1 . 

Materials.—The sodium silicate solutions were made from 
spectroscopically-pure, special bulky silica14 which contains 
85.6% SiO2 and water. Solutions made with analytical 
reagent grade sodium hydroxide were found to be of suffi
cient purity after the carbonate was removed. Water of 

(1) Presented before the Division of Physical and Inorganic Chemis
try at the 130th meeting of the American Chemical Society, Atlantic 
City, N"ew Jersey, 1956. 

(2) Portland Cement Association, Skokie, Illinois. 
(3) For review see R. K. Her, "Colloidal Chemistry of Silica and the 

Silicates," Cornell University Press, Ithaca, N. Y1, 1955. 
(4) P. S. Roller and G. Erwin, T H I S JOURNAL, 62, 461 (1940), 
(5) W. D. Treadwell and W. Wieland, HeIv. Chim. Acta, IS, 842 

(1030), 
(6) H. F. Joseph and II. B. Oakley, J. Chem. Soc, 127, 2813 (1925). 
(7) J. N. Mukerjee and B. Chatterjee, Nature, 165, 85 (1945). 
(S) R. H. Bogue, THIS JOUKNAL, 42, 2575 (1920). 
(9) G. Hagg, Z. anorg. allgem. Chem., 156, 21 (1926). 
(K)) R. W. Harman, J. Phys. Chem., 31, 616 (1927). 
(11) R. V. Nauman and P. Debye, ibid., 66, 1 (1951). 
(12) For discussion see J. G. Vail, "Soluble Silicates," Vol. I, Reirj-

hold Publ. Corp., New York, N. Y., 1952. 
(13) L. R. Bacon and J. H, Wills, / . Franklin Inst., 268, 347 (1954). 
(14J S. A. Greenberg, J. Phys. Chem., 60, 325 (1956). 

low conductivity was prepared by passing distilled water 
through ion-exchange resins and filters. 

Procedure.—The sodium silicate solutions were made by 
adding the silica to normal sodium hydroxide solutions at 40° 
and the solutions were stirred during the depolymerization 
reaction until the electrical conductivities were constant and 
the solutions were optically clear.16 In some studies13 the 
silicas were added to sodium hydroxide solutions a t room 
temperature. Because of the relatively large activation en
ergy involved in the depolymerization of silica by sodium 
hydroxide solutions,16 it is not certain that equilibrium was 
reached in these solutions. Certainly the time effects ob
served by several authors13'18 may be attributed to the non-
equilibrium conditions. 

The presence of carbon dioxide in the sodium silicate solu
tions was avoided by preparing them from carbon dioxide-
free sodium hydroxide solutions and water and by storing the 
solutions in well-stoppered polyethylene bottles. The ab
sence of turbidity in the sodium silicate solutions is evidence 
that the carbon dioxide content is very low.1117 

Theoretical 
In silicic acid the silicon is usually considered to 

be tetrahedrally coordinated by four hydroxyl 
groups.18'19 Monosilicic acid solutions are formed 
when silica dissolves in water.3 The solubility 
increases in alkaline solutions and the limit has not 
yet been established. 

It will be assumed that all the silica in the sodium 
silicate solutions under discussion is present as 
monomeric Si(OH)4, SiO(OH)3

- and SiO2(OH)2-
which may also be referred to for convenience as 
H4SiO4, H3SiO4

- and H2SiO4". The thermodynamic 
dissociation constants for the equilibria will be 

H4SiO4 = H + + H3SiO4- (1) 
H3SiO1- = H + + H2SiO4- (2) 

represented by K1 and K% and the concentration 
values by K1* and K** 

K =
 a"*aH>$ior = (H -XH3SiO4-) fafsGior fn\ 

^H4SiOi (H 4 SiO 4 ) /H4SiO4 

„ = QH+OH 1SJQ 4 - = ( H + ) ( H 2 S i O 4
- ) / H + / H I S J O 4 - (4) 

UHiSiO4- ( H 3 S i O 4 - ) /HjSiO4-

where a is the activity, ( ) is the concentration in 
moles/1, and / is the activity coefficient. 

In non-colloidal solutions of sodium silicate the 
electroneutrality relation holds 
(Na+) + (H+) = (OH-) + (H3SiO4-) + 

2(H2SiO4-) (5) 
where (H+) is small and can be neglected. The 
total amount of silica in solution (SiO2) is equal to 
the concentration of the various species of silicic 
acid. When (OH -) , (Na+) and (SiO2) are known 

(SiO2) = (H3SiO4-) + (H2SiO4-) -)- (H4SiO4) (G) 
(15) S. A. Greenberg, ibid., 61. 960 (1957). 
(16) R, W. Harman, ibid., 29, 1155 (1925). 
(17) S. A. Greenberg and D. Sinclair, ibid., 59, 4.15 (1955). 
(18) For review see F. G. A. Stone and D. Seyferth, J. Inorg. and 

Nuclear Chem., 1, 112 (1953). 
(19) S. A. Greenberg, J. Chem. Ed., in press. 
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the other quantities can be calculated by as
suming that the concentration of H2SiO4" is negli
gible below a pH of 11.8 and that the concentra
tion of H4SiO4 can be neglected above this pH 
value. The ^H value of 11.8 can be derived20 

by using approximate pK\* and pKt* values (10.3 
and 13.3 at 20°) in the relationship (H+) = (K1* X 
K2*)l/'- The hydroxy 1 ion concentration (OH -) 
can be estimated from pH measurements where 
pH. = - l o g OH+; -KW = aHaoH; PK*> = 14.167 
at 20°; aH+ = ( H + ) / H + ; and l o g / = - 0 . 5 0 5 M ' A 

(at 20°) according to the Debye-Htickel equation. 

Discussion of Results 
E.m.f. Measurements.—The published data on 

these measurements were discussed by Bacon and 
Wills.13 Only the 20° data of Bacon and Wills, 
the 25° data of Harman10 and the 30° data of 
Bogue8 were examined in this study. 

The procedure for evaluating ionization con
stants of weak acids from cells with liquid junctions 
has been described.21-28 The hydrogen ion ac
tivity is expressed in terms of the measured electro
motive force E by the equation 

E - B> - (RT/F) In oH+ (7) 

where E" is the standard potential of the cell and 
RT and F have their usual meanings. Use is 
also made of the equation log /j = — AZ?\ilx + 
Cfi, where A and C are constants, Z is the charge on 
the ion and y. is the ionic strength. By means of 
eq. 3-7 it is possible to derive 

pKl* ^pH- log § | § J + Af* = PKi + CiM (8) 

for the pB. range < 11.8 and 

pKf -pK- log § § — ] + 3/VA ~pKt + GM (9) 

forthe£Hrange>11.8. 
The values for PK1* and pK2* at 20° (eq. 8 and 

9) were plotted as a function of JLI. In Fig. 1 the 
pK\* versus JX curve is shown. It may be seen that 
the points on the curve may be extrapolated to a 
pKx value of 9.85. A pK» value of 11.8 was esti
mated. The closeness of pK\ and pK2 also was 
indicated by the titration curves of silica which 
show only one broad break rather than the two 
expected from dibasic acids with Ki and Kt values 
which show a ratio K^K^IW.™ 

Although Bacon and Wills13 considered the 
pH. data of Harman10 and Bogue8 unreliable, 
eq. 8 and 9 were applied to these data to obtain 
PK1 and pK, values at 25 and 30°. The (OH -) 
values were in these cases given by the authors. 
The 25° values for pK\ and pK2 were found by 
extrapolation to be 9.7 and 11.9, respectively. 
From the data of Bogue, PK1 and pK2 were esti
mated to be 9.1 and 11.9 at 30°. 

A heat of ionization at infinite dilution for silicic 
acid of 3.3 kcal./mole was estimated by com-

(20) T. B. Smith, "Analytical Processes," 2nd Ed., Edward Arnold 
and Co., London, 1940. 

(21) H. S. Harned and B. B. Owen, "The Physical Chemistry of 
Electrolytic Solutions," Reinhold Publ. Corp., New York, N. Y., 1943. 

(22) S. Glasstone, "Introduction to Electrochemistry," D. Van Nos-
trand Co., New York, N. Y., 1940. 

(23) D. I. Hitchcock and A. C. Taylor, T H I S JOURNAL, 59, 1812 
(1937). 
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Fig. 1.—The plot of pK\* as a function of ionic strength 

y.: O, Na8O:SiOj, 1:1.508: • , Na2O:SiO2, 1:1.996. 

paring the pKi values at 20, 2524 and 35°24 by 
means of the van't HofT equation. From the heat 
of solution of amorphous silica (2.65 kcal./mole)26 

and the heat of ionization, it was possible to esti
mate the heat of neutralization as —7.6 kcal./mole, 
assuming the heat of ionization of water is —13.6 
kcal./mole at 25°. 

Conductivity Measurements.—Figure 2 sum
marizes the conductivity data of the present study 
on sodium silicate solutions of Na2OiSiO2 mole 
ratios 1:0, 1:0.5, 1:1, 1:1.5, 1:2 and 1:3. The 
results agree fairly well with those of Harman16 

except for the sodium hydroxide and Na20:0.5 
SiOj solutions. For these solutions the results of 
Harman show considerable scatter. 

The concentration constant Ki* can be eval
uated from the equivalent conductance data 
[ANaOH and ANaH1SiO1 (Fig- 2)] on solutions with the 
same sodium ion concentrations. From eq. 5 and 
6 an equation can be derived relating the equivalent 
conductance of the solutions with those of the ions 
AoH-. ANa+ and XH1SIO,- and the hydrolysis con
stant KH which is equal to Ky,/Kx* 
A N « 0 H — ANaHiSiOi = (^OH 

XH!sior)[l - J ] ^ o 2 I [ A ] (10) 

Here use is made of the assumption that the 
degree of hydrolysis of H3SiO*- is small in the pH 
range 11.2 to 12 and that in this pH range the con
centration of hydrogen and H2SiO4

- ions may be 
ignored. It is possible to neglect the hydrolysis 
because the constant is of the order of magnitude 
of only 10 - 4 . By plotting known values of the 
difference ANaOH — ANaHiSiO1 as a function of 
[SiOs]-1/« a difference XOH- — XH,sio4- in the 
equivalent conductances of the ions of 145 was 
obtained as an intercept and from the slope of the 
curve a PK1* of 9.9 was calculated. This value of 
9.9 is quite consistent with the pKx of 9.77 at 25° 
derived from solubility and pH measurements.24 

(24) S. A. Greenberg and E. W. Price, J. Phys. Chim., 61, 1539 
(1957). 

(25) S. A. Greenberg, ibid., 61, 196 (1957). 
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Sq. root of N a + concentration (Na+)1 '2 . 
Fig. 2.—Relationships of the equivalent conductances 

with (Na+ ) 1^' of solutions of sodium hydroxide and sodium 
silicates of various mole ratios: (1) NaOH; (2) 1:0.5; (3) 
1:1; (4) 1:1.5; (5) 1:2; (6) 1:3. 

I t is possible to calculate the equivalent con
ductance of H 3 SiO 4

- ions a t infinite dilution by 
means of the equation 

^NajO-nSiOi = ^Na+ + ( 1 — #)^HaSiO< + 1 ^ O H " ( H ) 

where x is the fraction of H s S i C j - ions hydrolyzed. 
The procedure consists in choosing linear portions 
of the curves in Fig. 2 a t low concentrations where 
only N a + , O H - and H 3 SiO 4

- ions are present 
(£>H<11.8) and extrapolating these curves to zero 
concentrations. The intercept values are then 
considered the equivalent conductances a t infinite 
dilution of mixtures ol N a + , H 3 SiO 4

- and O H - ions. 
Since X0 for N a + is 50.1 and for O H - is 198.6 a t 
25°26 and the x values are known9 '13 '27 in the region 
of concentrations considered, the X0 for H3SiO4" 
ions can be evaluated. In Table I the results are 
summarized. 

TABLE I 

T H E EQUIVALENT CONDUCTANCE OP H3SiO,!- IONS AT 25° 

K a 2 O : 
SiO2 
mole 
ra t io 

1:0.5 
1:1 
1:1.5 
1:2 
1:3 

Ao, 
X a 2 O : 
JlSiOi 
25° , 

o h m s - i 
c m . ' 

200 
165 
127 
92 
83 

I 
Hagg» 

20° 

0.59 
.38 
.19 
.040 
.012 

I l 
H a r 

man- 7 

25° 

0.35 
.25 
.12 
.040 
.011 

I I I 
B a c o n 

a n d 
W i l l s " 

2 0 ° 

0.80 
.50 
.27 
.06 
.013 

Xo, H 3SiO 4 
ohs 1 cm 

I I I 
ref. ref. 

8 27 

93 
65 
48 
35 
31 

125 
87 
00 
35 
31 

Xo, 
H3-

~, S i O i " 
= H a r -
I I I m a n ' 5 

ref. (dil. 
13 soln.) 

32 60 
33 35 
32 43 
30 41 

The table lists the various Na2OiSiOj mole ratios, 
the Ao or intercept values, average degrees of 

(26) R . A. R o b i n s o n a n d R . H . S tokes , " E l e c t r o l y t i c So lu t i ons , " 
B u t t e r w o r t h Scientific Pub l i ca t ions , L o n d o n , 1955. 

(27) R. W. H a r m a n , J. Phys. Chem., 30, 1100 (1926). 

hydrolysis x taken from several sources'-1'13'27 and 
X0 values for silicate ions calculated on the basis of 
the various x values. In the last column the Xn 
values for H 3 SiO 4

- ions reported by Harman are 
shown. Some difficulty was encountered in esti
mat ing x. therefore both 20 and 25° da ta were used 
since x does not change markedly with tempera
ture. 

The X0 value of 35 for the 1:2 mole ratio was con
sidered most reliable because x could be estimated 
accurately for this ratio. The difference between 
31 and 35 in the 1:3 and 1:2 mole ratio solution is 
within experimental error, or as is more probably 
the case (Table I I ) , there are a certain number 
of low molecular weight silicate aggregates present 
in the 1:3 solution. From the value 35 for X0 

it should follow tha t XOH- — Xn3SiO4- at infinite 
dilution is about 160. Considering the large pos
sible error in the extrapolation of the da ta using the 
relationship shown in eq. 10, which leads to a 
difference of about 145, we can conclude tha t the 
agreement is reasonable. 

Transference Numbers.—A re-examination of 
the data of Harman 2 8 leads to quite interesting 
conclusions. Table I I summarizes the results. 

I t was assumed tha t in these solutions only Na4 ' , 
O H - and HsSiO 4

- ions need be considered. By 
using the equation of Harman to calculate MsiOi, 
but assuming each SiOa is singly charged as H3-
S i O 4

- instead of doubly charged H2SiO4=* ions as 
Harman did, the values of «sio ; were evaluated. 
Where the sums of «Ka4-, » O H - and w-sios are greater 
than one, it is assumed t ha t there is more than one 
SiO2 per ion and in the last column of the table the 
values of N (no. of SiO2 per ion) are listed. 

From a knowledge of HSiO1 in experiments 5 and 
6, it was possible by means of the equivalent 
conductance data to evaluate X0 for H 3 SiO 4

- as 
34 and 33, which is in good agreement with the 
quantities calculated from conductance results 
(Table I) . 

Conclusions 
The results of the present s tudy show fairly 

conclusively t ha t in solutions of sodium silicate with 
SiO2 :Na20 mole ratios up to 3 :1 and above pH 
10.516 a considerable number of experimental da ta 
can be explained without postulating the existence 
of polymeric particles or aggregates of mono-
silicic acid [Si(OH)4Jj1. 

For the most par t the diffusion experiments of 
Ganguly2 9 support this theory. Cryoscopic meas
urements on sodium silicate solutions9 '80 indicate 
decreasing effects with increase in S i0 2 :Na 2 0 
ratio. Unfortunately, the results are often con
fusing and disagreements between authors9-80 

are found which perhaps show the experimental 
difficulties involved in these experiments. Al
though light-scattering measurements are re
ported1 1 to indicate t h a t the molecular weights 
of the silicate polyanions in Na 20:wSi0 2 solutions 
with mole ratios between I :0.5 and 1:3.75 increase 
from 60 to 400, the authors emphasize tha t these 
quantit ies are not. absolute. I t should be noted 

(28) R. W. H a r m a n , ibid.. 32, I l (102S). 
(29) P . B. G a n g u l y , ibid., 3 1 , 407 (1027). 
(30) K. W . H a r m a n , ibid., 30, ;{.-.!) (l!)2fi). 



Dec. 20, 1958 SYNTHESIS AND PROPERTIES OF ZIRCONIUM DISULFIDE 6511 

Kxpt. 
no. 2« 

4 
5 
6 
7 
8 
9 

10 

Mole 
ratio 

1:2 
1:2 
1:2 
1:3 
1:3 
1:4 
1:4 

(Na + ) 

1.0 
0.5 
0.1 
1.0 
0.5 
1.0 
0.1 

PH 

12.12 
11.96 
11.46 
11.29 
11.27 
10.86 
10.75 

TABLE II 

TRANSFERENCE NUMBERS 

«Na + 

0.42 
.34 
.45 
.40 
.45 
.53 
.44 

1 — KNa+ 

0.58 
.66 
.55 
.60 
.55 
.47 
.56 

MS1O2 

0.45 
.33 
.47 
.68 
.78 

1.17 
1.23 

" O H -

0.13 
.33 
.08 

Hydrolysis,25 

% 
1.38 
1.88 
2.85 
0.192 

.36 

.071 

.57 

N 
(no. of 

SiOs/ion) 
1 
1 
1 
1.1 
1.4 
2 .2 
2 .2 

that in the dilute solutions of sodium silicate used 
in light-scattering measurements, it is probable that 
all the silicate species are in solution as monomeric 
silicic acid.24'31 

The silica in solutions appears to be colloidal 
under two conditions. In alkaline solutions above 
pH 10.6 low molecular weight silicate species are 
brought into solution by peptization.31 Also in con
centrated solutions of silicic acid the monosilicic acid 
behaves as if it were aggregated into [Si (OH)4 ]n 
particles where n is probably a small number.16 

(31) G. B. Alexander, W. H. Heston and R. K. Her, J. Phys. Chem., 
58, 453 (1954). 
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The Synthesis and Properties of Zirconium Disulfide1 

B Y A B R A H A M C L E A R F I E L D 

RECEIVED M A Y 7, 1958 

Historic methods for preparing zirconium disulfide were re-examined and new and refined methods for obtaining a pure 
product have been developed. The reaction of carbon disulfide with zirconia yields a mixture of zirconium disulfide and 
zirconium sulfoxide, ZrOS, in the temperature range 850-1200°. Above 1200° only zirconium disulfide is obtained. This 
has been correlated with the presence of different forms of zirconia in the two temperature ranges. The air oxidation of the 
disulfide was examined by means of differential thermograms and high temperature X-ray diffraction patterns. 

Published information on the sulfides of zirco
nium is meager and much of what is reported is 
conflicting. Therefore, a study of the zirconium-
sulfur system was undertaken. The present paper 
describes the synthesis and some properties of zirco
nium disulfide. 

Zirconium disulfide has been synthesized by a 
variety of methods. Fremy2 claimed to have pre
pared it by the action of carbon disulfide on zir
conia at red heat. No analysis was given and it is 
questionable that his product was oxygen-free. A 
number of workers obtained zirconium disulfide by 
combination of the elements.3-6 Of these only 
Biltz3 used reasonably pure metal. Biltz and his 
co-workers also treated zirconium tetrachloride with 
hydrogen sulfide in a heated tube. They derived a 
pure product only after reheating the initially ob
tained material in a hydrogen sulfide atmosphere. 
Paykull6 had been unsuccessful with this reaction 

(1) Portions of this paper have been presented at the 131st National 
Meeting of the American Chemical Society, Miami, Florida, April 9, 
1957. 

(2) E. Fremy, Ann. Mm. phys., [3] 38, 326 (1832). 
(3) W. Biltz, E. F. Strotzer and K. Meisel, Z. anorg. allgem. Chem., 

242, 249 (1939). 
(4) J. J. Berzelius, Ann. Phys., i, 125 (1825). 
(5) O. Hauser, Z. anorg. chem., 63, 74 (1907). 
(Ii) S. R. Paykull, Bull. soc. chim., [2] 20, 65 (1873). 

because he did not rigidly exclude oxygen. Van-
Arkel and DeBoer7 passed zirconium tetrachloride 
and sulfur vapors over a hot wire and obtained pure 
zirconium disulfide but in poor yield. Finally, Hagg 
and Schonberg8 reported its preparation by the ac
tion of hydrogen sulfide on zirconium metal in the 
temperature range 550-900°. 

Experimental 
Materials.—Pure zirconium dioxide was prepared by 

addition of glycolic acid (3 moles) to a solution of zirconyl 
chloride (1 mole) and calcining the precipitated triglyco-
latozirconic acid at 900-1000°. A typical sample con
tained 0.001% Al, 0.002% Ba, 0.02% Ca, 0.002% Cu, 
0.001% Fe, 2 % Hf, 0 .01% Mg, 0.002% Na, 0 .01% Si, 
0.002% Ti. Zirconium tetrachloride was resublimed from 
a fused salt (KCl-ZrCl4) melt as described by Horrigan.9 

The zirconium metal powder was Titanium Alloy P grade 
(—200 mesh) and contained 1-2% oxygen. Zirconium 
Hydride was obtained from Metal Hydrides, Inc. Traces 
of oxygen were removed from argon (originally 99.9% pure) 
by bubbling it through alkaline pyrogallol and drying by 
passage through tubes containing P2O5. Gaseous impurities 
in tank hydrogen sulfide (99.8% pure) were minimized by 
inverting the tank and drawing off liquid H2S. Reagent 
grade carbon disulfide was used without further purification. 

(7) A. E. VanArkel and J. H. DeBoer, Z. anorg. Chem., 148, 345 
(1925). 

(8) G. Hagg and N. Schonberg, Arkiv. Kemi., 26, 371 (1954). 
(9) R. V. Horrigan, J. Metals, 7, AIME Trans., 203, 1118 (1955). 


