[Jour. Indian Chem. Soc., Vol. 33, Mo. 6, 1gs50]

STUDIES ON THE GELATION OF SILICIC ACID SOLS. PART 1V. ON
THE DEVELOPMENT OF YIELD VALUL AND STRUCTURE OF
SILICIC ACID SOLS

By K, C. SENy anp B. N. CHOoSH

The rate of chauge of turbidity with time of silicic acid sols incrcases, becomes maximumn approxi-
mately at or near the time of gelation and then gradually decreases. The time of gelation can be deter-
mined graphically from turbidity measurements. ‘T'he viscosity of freshly prepared silicic acid sols is
very low. As ageing continues it increases at first very slowly, then with appreciable speed and finally,
a little before gelation, it shoots np to a very high value. A pradual increase in the extent of aggregation
of silicic acid in the sol state is noticeable from the viscosity data of different systems by the application
of Sf:aundil;ger‘s viscosity relation VYield value develops ronghly et about 75%, 8a% and 86% of the
time of gelation in the cases of sols prepared®by msing HC!, H;S0, and H,PO, respectively at room
temperatures. Shaking prevents the formation of “macro-structares’ but does not hinder the formation
of ‘micro-strtictures’ in silicic acid sols. Ulirafiltration of silicic acid sols in HCl =y:tem indicates that
appreciable aggrepation of s:hcrc acid sols does not take place before $2% of the time of gelation at room
temperatuores.

The gelation of silicic acid accompanies changes in optical, viscous aud polymerisa-
tion properties of the sol. Physical properties, such as turbidity and viscosity of the so!
which are ainenable to more accurate measurements, have been determined for the pur-
pose of obtaining a more exact and reproduncible value of the time of gelation. Since
such measurements are easy to make, it has been possible to study the rate of Zelation,
starting from the freshly prepared sol, and thereby to gaiu an insight into the kinetics
of the process. Furthermore, viscosity measurements enable calculation of the sizes of
the particles. In this way it bas been possible to get an idea of the state of aggregation
of silicic acid molecules at various stages of gelation. Gelation is usually accompanied
by the development of a certain kind of plasticity and the formasion of striictures.
\iscosity measurements have also indicated at. what stages of gelation plasticity develops.
An attempl has zlso been made to ascertain whether physical factors like shaking
have any e¢ffect on gelation. Ultrafiltration of a silicic acid sol lias indicated the stage
of gelation at which appreciable structure formation of silicic acid takes place.

EXPERIMENTAL
Turbidily

A freshly prepared silicic aeid sol, irrespective of the acid used in its preparatiom,
is transparent, alinost like water, and the turbidity, I, is very low. With egeing turbidity
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increased at first slowly, then with appreciable speed, then rapidly as the time of gelation
was approached, after which it increased rather slowly aund finally approacbed or tended
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to approach a limiting valie.
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is pearly equal to the time of gelation, ¢. ‘I'he two from Fig. 2 are compared in Table I.

TaeLe 1

Temperature = 35°.

Curse Mo. I ' 2 3 4 5
t’ (hrs). 74 193 128 16 92
t (brs.) 196 411 . 130 115 94

The time required for attaining the maximum rate of increase in tarbidity-inay Lhere-
fore be taken as a measare of the time of gelation, i.c., the time of gelation of silicic
acid sols can be deterinined graphically from tubidity ineasurements,

If the rate of change of turbidity is considered as a measure of the rate of gelation, the
wmaximum rate of change of turbidity would correspond to the maxfimum rate of 'gelation.
It suggests that the gelation process involves a chain mechanism& and the maximum rate
of increase in turbidity corresponds to the cotnpletion of a definite fractionvof the
reaction. Theoretically therefore the maximum rale of increase it turbidity seets to
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be u more accurate method of determining the time of gelation thun the direct ones,
¢.g., the falling ball method.

Fig 2

9
e=3s5°C ‘]
(i) 2.5 % S{Op, pu=2-26 )
(2) 3-0% 5iCy , pty=1-57
B[ (3)30% Si02, pr/=208
(4) 3-5 % 50z , pa=102
{5)%-0% 8i0a, py=2-07
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TimeE (HWRS)—-

The limiting trubidity appears to be greater, the higher the temperature at which
gelation occurs (studied only in the case of sols prepared by using HCY).

Viscosily

‘T'he relative viscosity of a large number of silicic acid sols was determined by the
Ostwald viscometer at a constant temperature in the thermostat at different stages of
ageing. Some of these data are illustrated in Fig. 3. ‘The viscosity of the freshly pre-
pared silicic acid sol was very low, irrespective of the acid used in its preparation. As
ageing contioued, it increased at first very slowly. then with appreciable speed and
finally, a little while before gelation, it shot up to g very high value such that it became
very difficult to take measurements with the viscometer. In the case of sols, prepared
by using HCI or.H,S0,, the initial viscosity was alinost equal to that of water. It is
possiBle in these cases to predict the approximate time of gelation from the viscosity-time
curwes. Thus, the relative viscocities, 9, of sols obtained with HCl and H,80, attain values
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cyual to 2.0 and 3.0 at 55° at approximately 71% and §0% and at approximately 66% and
78% of Lhe time of gelation respectively. ‘I'he initial viscosities of sols obtained with other
acids, although low, can vary within wide limits due to the presence of variable quanti-
ties of free acids, and so the approximate proportionality of viscosity to the time of
gelation does not hold good. Thisis, however, applicable iz a Dmited sense to the
case of sols of a particular system, ipitial viscosities of which are almost identical.
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From the rate of change of viscosity with time it bas been possible to visualise thee
degrce of aggregation of silici¢ acid in the sol state by the application of Staundinger’s
viscosity relation,

Tiee, = 1= K.C.M. ven v (1}
Ta

where v is the specific viscosity and n,, the viscosity coefficient of the medium, K is
a cohstant for the polymer, C is its concentration and M, the molecular weight.

The molecular weight of silicic acid in a number of sols at difierent stages of ageing
has been ealculated from equation {1) in terms of M,, the assumed molecular weight+in 2
freshly prepared sol. A gradual increase in the extent of aggregation of silicic acid
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in the sol state is noticeable from the viscosity data o different systems. Resulis of two
such sols in HC1 systemn are illustrated in Table I1.

Taere 11

Molecular weight (M) from specific viscosity.

(7! SiQg cone. = 3.0%. po = 1.57.

t. .

o hr. 0.12
74 0.29
122 n.63
15T 1.20
171 2,25
195 n.h1

Temp. = 35°.

(#f) 8i0g conc.=3.0%. Pn=2..8

M. £. nsp. M.

1.00 M, o hr. o.16 1.00 My
2.42 20 o 21 1.31
5.25 13 0.36 2.25
10.00 73 0.65 394
18.75 98 1.63 10.19
AR.42 116 4.76 29-75
124 16.58 103.60

Yield Value

The development of yield value by the silicic acid sols has been studied with the
Bingham viscomeler. Viscosity measurements of standard cane sugar solutions by this
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apparatus are found to be reproducible. 1f a
[reshly prepared silicic acid sol is forced through
a capillary tube, the rate of flow is directly
Proportional to the applied pressure and the
plot of the rate of the flow against theepressure
gives a straight line passing through the origin.
When plasticity develops, the plot of the flow
against pressure, although a straight line, makes
an intercept on the pressure axis, which is called
the yield value. It has been foumd that the yield
value develops rouzhly at about 75%, 80%
and 86% of the time of gelation in the case of
sols prepared by using hydrochloric, sulphuric and
phosphoric acids at the room temperatures. The
development of yield value in a particular sol,

prepared with hydrochloric acid, is illustrated in Fig 4.

Efieci of Shaking

An attempt has also been made in the following way to gain information regarding
the $tage where structure formation preceding the gelation of 'silicic acid takes place. The
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silicic acid soi, prepared withh HCI, was divided into two parts. One was kept static, while
the other was kept stirred continuously, except during measurements. ‘The turbidity and
viscosity (by Ostwald viscometer) ol the two samnples were delermined at regular intervals,
The turbidity of the sol in the shaker was always slightly greater than that of the sol
at rest. It was alsu found that iuitially at any stage of ageing, the viscosities of the sal
at rest were identical with those in the shaker. Soiwnetime before gelation the viseosit
of the sol in the shaker became slightly greater than that of the sol at rest: The sol
in the shaker, however, never set to a gel ; when the sol af rest set to a gel the sample
in the shaker was a very thick so of high turbidity. T1f, however, a part of the thick sol
in the shaker is allowed to remain at rest, gelation takes place within a few hours.
This gel is generally weak and highly turbid.

The viscosity-time curves indicate that the viscaosity of the sol in the shaker becomes
slightly greater than that ot the sol at rest at about 72% of the time of gelation,
Comparing this observation with that noticed previously, it appears that the development
of greater viscositly of the sol in the shaker roughly corresponds to the development of
yield value.of silicic acid sols. It is likely that shaking does not prevent the formation
of micro-structures but perhaps hinders the development of macro-structures in silicie

acid sols.
Ultraftltraiion

Some information regarding the siru-ture formation may possibly be obtained from
a study of the wultrafiltrate of a silicic acid sol. A silicic acid sol (3.0% Si0.),
prepared with HCI, was allowed to age at the roomn temperature. A smail fraction of the
sol was filtered through cellophane paper at regular intervals and the silica concentration
of the ultrafiltrate was determined. If structure formation of silicic acid lakes place
graduaily the concentration of silica in the ultrafiltrate would diminish in a similar
manner and becomes zero when the sol sets 1o a streng gel. The results obtained
are recorded in Table 111. The sol, when just prepared, completely passed throngh the
cellophane. As ageing proceeded, the concentration of silica in the ultrafiltrate very
slight!y diminished and then remained practically constant up to about 82% of the time
of gelation. A little hefore gelation the sol could not be filtered through the cellophane
‘at all.  An attempt to separate the dispersion medium of the sol by means of centrifugal
forces, ten times as strong as the suction pressure used for ultrafiltration, failed. Again,
when the sol had set to a strong gel but no synetesis had taker place, it was neither possi-
hle to filter nor to separate the dispersion medium by means of centrifuging (3200 r.p.m.).

TapLe III
3.0% SiO; sol (HCl). Time of gelation = 264 hours. pa = 2.30.
‘Time (hrs.} [ 25 168 194 215 240 264 =288 336
8i0; conc. in the 3015 2.944 2.894 2.884 2.850 Could not be filtered. 1.065 0.8%
altrafiltrate

Some time after gelation when syneresis ‘took place, the gel conid be separated’ from
its dispersion mediumn withh the help of a centrifuge. The complete separation was,
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however, effected by ultrafiltration. The silica content of the ultrafiltrate was then
determined. It is found that in this ultrafiltrate silicic acid is present only in relatively
small amount.

Assuining that the difficulty in the uitrafiltration or in the separation of the disper-
sion medium is associated with the formation of macro-structures, it appears that the
latter takes place in an appreciable extent 1ot carlier than 82% of the time of gelation.
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