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STUDIES ON THE CELATION OF SILICIC ACID SOLS. PAR'f IV. ON 
THE DEVELOPMENT OF YIELD VALUE 1\ND STRUCTURE OF 

SILICIC ACID SOLS 

Bv K. C. Sli:N AND B. N. GHOSH 

1'hE' rate or chauge of turbiditv 1\iith time of silick acid sols increases, become~ maximum approxi
mately at or near the time of gelation and then gradually decreases. The time of gelation ~an be deler
minf'd graphically from turbidity measurements. 'l'he viscosity of freshly prepared silicic acid sols is 
ver~· low. i\s ageing continnes it increases at fir~t vet·y slowly, then with appreciable speEd and finally, 
a little bebre gelation, it shoats np to a very high vallle. ..o\ gradual incnase in the exte11t of aggregation 
of silicic acid in the sol state is noticeable from the visco~ily data of different systems by the applicati011 
of Staundi;ger's viscosity rr-lation Yield value de,·elops rongb1y at about 75%, So% and 86% of the 
time of gelation in the cases of sols prepared •by aaing HC'l, HJS04 and H 3P01 respectively at room 
temperatures. Shaking pre11ents the formation of 'macro-stractareq' bllt does not himle< the formation 
of 'micro-structnres' in silidc acid sols. Ultrafiltration of silicic add sols in HCl ~y~tem iDdicates that 
appreciable aggregation of silicic acid sols doe~ not take place before 82% of the time of gelation at room 
temperatures. 

The gelation of silicic acid accompanies changes in optical, viscous and polymerisa
tiou properties of the sol. Physical properties. such as turbidity and l<iscosity of the sol 
which an: amenable to more uccurate measurements, have been determined for the pur· 
pose of obtaining a more exact and reproducible value of the time of gelation. Since 
such measurements are easy to make, it has been p(lSsible to study the rate of R"elatioq, 
starting from the freshly prepared sol, aud thereby to gniu an insight into the kinetics 
c>f the process. Furthermore, viscosity measure1nents enable calculation of the sizes of 
th~ particles. Iu this way it bas been possible to get an idea of the state of aggregation 
of silicic acid molecnles at various stages of gelation. Gelation is usually accompanied 
by the development of a certain kind of plasticity and the formalli.on of structures. 
"iscosity measurements have also indicated at. wbat stages of gelation plasticity develops. 
An attempt has also been made to asceitain whether physical factors lil.:e shaking 
have any ~!feet ou gelation. Ultrafiltration of a silicic acid sol has indicated ,the stag~ 

of gelation at whicl1 apl~reciable structure formation of silicic ncid takes place. 

ExPERIMENTAl. 

'l"urbidity 

A freshly prepared silicic acid sol, irrespective of the acid .used in its preparation, 
is tr¥sparent, at10ost like water, and the turbidity, r, is very low. With ageing turbidity 
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increased at first slowly, then with appreciable speed, lhen rapidly as. the time of ~telation 

was approached. after which it increased rath!!r slowly and finally app10acbed or tended 
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to approach a limiting value. 
Some of lhese data are illus
trated in Fig. 1. The turbi
dity of the sols was measured 
by Zeiss's Trub1mgsmesser 
in combination witb a PJilf. 
rich photometer. In the 
measurements done by the 
authors, red light and tbe 
same container for the sol 
were used throughout. The 
rate of change of tubidity, 
~r/t:..t, with time has been 
plotted against the corres
ponding time and tbe differ
ential curves slJowlf in Fig. 2 

illustrate a few of them .. It 
is found that in all the 
systems the time, t', corres
ponding to the maximum 

rale of increase in turbidity, 

is nearly equal to the time of gelation, t. '!'he two from Fig. 2 are compared in Table I. 

TABLI I 

Temperature = 35". 

Curve No. ::, 3 4 5 

t' lbrN). ~74 IQ3 u8 II6 92 

t (h.rs.l 1911 211 139 ns 94 

The time required for attaioiDg the maximum rate of increase in turbidity-may there
fore be taken as a measure. of the time of gelation, Q.c., the time of gelation of silicic 
acid sols can be determined graphically from tubidity measurements. 

If the rate of change of turbidity is considered as a measure of the rate of gelatioo, the 
maxituum rate of change of turbidity would correspond to the malfimum rate of 'gelation. 
It sugge5ts that the gelation 11rocess involves a chain mechanism} and the maximum rate 
of increase in turbidity corresponds t.u the completion of a definite fracticm ~oof the 
reaction. 1'heorelically therefore the m!111:imum rate of increase hi turbidity see~ to 
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I.Jc a more accurate method of determining the time of gelalion than tile direct ones, 
e.g., the falling ball method. 
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The limiting trubidjty appean; to be greater, tbe higher the temperature at which 
gelation occurs (studied only in the case of sols prepared by using HCI.). 

Viscosity 

The relative viscosity of a large nmnber of silicic add sols was determined by the 
Ostwald viscometer at a constant temperature in the thermostat at different stages of 
ageing. Some of these data are illt1strated in Fig. 3· The visc'lsity of the freshly pre
pared. silicic acid sol was very IC?W· irrespective of the acid used in its pret>arution. As 
ageing continued, it increased at first very slowly. then with appreciable speed aad 
6na1ly, a little while before gelation, it shot up to a very high value suc:h that it became 
very difficult to take measurements with the viscometer. In the ca!le of sols. prepared 
by using HCI or.H1SO., the initial visc:osity was ahno!lt equal to that of water. It is 
possi15le in these cases to pred1ct the approximate time of gelation from the viscosity-time 
curves. Thus, the relative viscocities, q~., of sols obtaiued wjth .HCI and HaSO. attain vaJu_. 
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equal to 2.0 aud J.o at 55° at approximately 71% and So% and at approximatt-ly 66% and 
78% of Lhe time of g~lation respectively. The initial viscositii!S of sol:; obtain~::d with oLlu:r 
acids, although low, can vary within wide limits due to the presence of variable quanti
ties of free acids, and so the approximate proportionaliLy of viscosity to the time of 
gelation does not hold good. This is, however, applicable in a !tmited sense to the 
case of sols of a puticular system, initial viscosities of which are almost identicaL 
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From the rate of change of viscosity with time it has bee1,1 possible to visualise tbet 
degree of aggregation of silicic acid in the sol state by the application of ::>tau.ndinger's 
viscosity relation, 

"'i••· = 71 -·'lo = I(.C.M. 
7Jo 

,-,.., (IJ 

where -., ••. is the specific viscosity and '11•• the viscosity coeflici~::nt of the m.:dium, K is 
a co!lstant for the polymer, Cis its concentration and 111, the molecutar weight. 

The molecular weight of silicic acid in a number of sols at difl.erent stages of ageiDg 
has been calculated from equation (x) in terms of .M 0 , the assumed molecular weight•iD a 
freshly prepared sol. A gradual increase iD the extent of aggregation of silicic: .1cid 
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in the sol state is uoticeable from the viscosity data o different systenas. Results of two 
such sols in HCl system are illustrated in Table II. 

Molecvlar ·weight (M) from .sPecific 'IJi.~cosity. 
Temp. : 35o. 

(ll Si01 ~on~ ... J.n%. f>rt = 1.57· (ii) Si(lj con~.=3.n'}l.. Pn =z.~8. 
t. , ... 1\l. t. ., ... M. 

o hr. 0.12 I.oo l\Io ohr. o.t6 t.oo Mo 

74 0.2g 2-42 20 0 ZI 1-31 

122 o.6J S-25 sr 0.36 2.25 

lSI 1.20 IO.OO 73 o.6s 3-94 

lil 2.25 t8.75 !)8 r.63 IO.I9 

19.~ Jn.r>l Hll.~z 116 4-76 <19-75" 

124 16.ss IOJ.6n 

Yield Vtdue 

The development of yield vahte hy the sili~ic acid ~ols has been s~udied with the 
Bingham viscometer. Viscosity measurements of standard cane sugar solutions by this 
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apparatlls are found to be reproducible. If 11 

frf'shly (.:repared silicic acid sol is forced through 
a capillary tcbe, the rate of flow is directly 
proportional to the applied pressure aud the 

plot of the rote of the flow against tbeepressu~e 
giv~s a straight lim passing through the origin. 
When plastkity develops, the plot of the flow 
against pressure, although a straight line, makes 
an intercept on the! pres:o.ure axis, which is called 
the yield value. It has been fouad that t'he yie)d 
value develops rou-?;hly at about 75%. So% 
and 86% of the time of gelation in lhe case of 
sols prepared by using hydrochloric, sulphuric 'iDd 
phosphoric acids at the room temperatures. The 
development of yield value in a particular a;ol, 

prepared \~ith hyJrocbloric acid, is illu~trated in Pig 4· 

E.fjecl of Slzaking 

An attempt has also been made in the fol1o\"''ng way to gain information re~arding 
tlre ltage where structtlrc formation preceding the gelation of~silicic acid tnkes place,. The 
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silicic acid soi, prepared with HCI, was divided into two parts. One was kept static, while 
the otl1er was kept stirred continuously, except during measurements. The turbidity and 

viscosity (by Ostw:~ld viscometer) of the two samples were delt:rminc!d at regular intervals. 
The turbidity of the sol in the shaker was always slightly greater than ths.t of the sol 
at rest. lt was alsu found that initially at any stage of ageing, the viscosities Qf the Sill 
at rest were ideutical with those in the shaker, Sometime bcfor~ gelation the viseosii_ 
of the sol in the shaker became slightly greater than that of the sol at rest: The sol 
in th~ shaker, however, never ::et to a gel ; when the sol at" rest set to a gel the sample 
in the shaker wus a very thic-k sof of high turbidity. If, however, a part of the thick sol 
in the shaker is allowed to remain at rest, gelation takes place within a few lnnrs. 
This gel is generally weak and highly tn rhid. 

The viscosity-time cllrves iudic:Jte that the viscosity of the snl in the shaker becornu 
slightly. greater than that ot the sol at rest at about n% of the time of gelation, 
C'omrarrng t1Iis observation with that noticed previously, it appears that the development 
of greater viscosity of the sol in the shaker roughly corresponds to lhe development of 

yield value.of silkic add :o;o\s. It is likely that shaking does not prevent the formation 
of micro-struC'tures IJttt perhap!i hinders the clevelntmtent of macro-structures in silicir· 

add sols. 

ll It mfi 1 t m /.i o ~~ 

Some information regarding the stnt:=ture formation may possibly be obtained from 
a study of the ttltrafiltrate of a silicic acid sol. A silidc acid sol !3.0% SiO:), 
prepared with HCI, was allowed to uge at the room temperature. A small fraction of tbe 
sol wa;; filtered through cellOJlhane paper at regular intervals and the sdica concentration 
of the ttltrafiltrate was determined. If structure iorrnation of ~ilicic acid takes place 
gradually tbe concentration of silica in the ultrafiltrate would diminish in a similar 
manner 11nd becomes zero when the sol sets to a strcng gel. The results obtaiued 
are recorded in Table Ill. The sol, when just prepared, completely passed throngh the 
cellophaue. As ageing proceeded, the concentration of :;ilica in the ultrafiltrate very 
slightly diminished and then remainecl practically constant up to about S:z% of the lime 
of gelation. A little before gelation the sol could not be filtered through the cellophane 
at all. An attemr;t to sep.uate the dispersion medittm of tbe sol hy means of ceutriiugal 
forces, teo times as strong as the suction pressure used for nltrafiltratiou, failed. .\gain, 
when the sol hat! set loa strong gel but no syneresis had lak~r; place, it was ueither possi
hle to filter nor to separate the dispersion medium hy means of centrifuging (3.200 r.p.m._l. 

TABU: Ill 

J.O% Si03 sol (HCl). Time of gelation = :z64 hours. Pu = 2·30-

'fime (Ins.} 

Si02 cone. in the 
nltrafiltrate 

2.5 

2.944 

~16 240 264 ~88 336 
2.!184 2.85" Could n.ot lie lilte,ed. I-004 a.88q 

Some time after gelation when syneresis "took place, the gel cottld be separated· from 
its disper!i!ion mediutn with the help of a centrifuge. The complete separation ':Yu, 
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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. 

Assutnin~ that the difficulty in the ultrafiltration or in the separation of the diaper· 
sion medium is associated with the formation of macro-structures, it appears that the 
latter take~ place in an appreciable extent not earlier than 8z% of the time of gelation. 
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