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Abgstracts

An investigation of the volume change during the setr
ting of silicic acid gel was made using & precision mercury
dilatometer, The effects of varying the silicate and acid
concentrations were studied. The heat of neutralization of
the acetlc acid and sodium silicate was compengated for to
prevent sny heat expansdon in the gel, Also discussed are
the theorles of the setting of the gel,



Introduction and Historical,

While a large amount of work has been done on the properties
of silieic acid gel in the past, there is a dearth of informetion
in the literature about the volume change connected with the sete
ting process of the gels The little work that has been done con=
tains many diserepancies,

The first recorded work done on volume changes during the
setting of gels was conducted by E, Heymann (3). (4) 4in 1936 in
England, Heymenn experimented with seversl different gels with
the followlpg resultss For gelatin and ager gels he found a
decrease in volume; with ferric hydroxide gel, he observed no
volume change at all, and Tor methyl cellulose and silicie acid,
Heymann found an incresse in volume, He attributed this increase
to a decrease in the hydration of the silicie scid on setting,

To explain thils more fully, the bound water, he sald, is held
tightly to the silicic:acid molecule by Van der Waal's forces

and is compressed very slightly., Wwhen this water is freed, its
volume -increases with the relaxation of these forces, and the
total volume of the gel is ineregsed. Froundlich (2), in a later
paper, digcussed Heymann's resulis, saying that the volume change
phenomenon provides one of the most characteristic tests for clase
sifying gels. According to Freundlich, gels can be placed in
three classes, those which decrease in volume on setting, those
which incresse, and lastly thixotropie gels, or those whose vole
ume remalns constent. (The term thixotropy defines & reversible
solegel treansformation,)
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Three years later, A. Riad Tourkey (9) worked with silicie
ecid and found incresses in volume with the exception of one run
which increassed at first and then decreesed. However, both Tourkey
and Heymann ignored the heat developed in the reacting of the re-
agents. In precision measurements heat expension can have a large
effect on results. It is likely that this heat had an adverse ef-
fect on Tourkey's and Heymann's worke

The heat of reasction was‘compensated for in the study of
Stratta (8) at Union College in 1957. Stratta measured the heat
of neutralization of the acetic acid and sodium silicate used,
which is approximately equal to that developed in the neutraliza-
tion of a strong bese and weak acid. His volume change measure-
ments were probebly more accurate than those of previous experi-
menters because of these compensationse. However, Stratta worked
with gels of one concentration onlye

The work described in this peper 1s an attempt to investigate
the effects of varying the pH end also the silicate concentration

on the volume, while holding other factors constante

Theory:

Colloidal silicic acid, or sol of hydrated silica, is formed
by the sction of an acid, acetic acid in this case, on a soluble
gilicate, usually sodium silicate,

Sodium silicate is commonly written as Nﬁ23103 or sodium
meta silicate. It is reslly not a compound as written but rather
a mixture of compounds of Nap0 and 510, in varisble proportionse

The ratio of soda to silice in the meta silicate is obviously 1l:1



3w
from the formula., The silicate used in this series of experiments
had a ratio of 1:3.29.

Practically eny sol of hydrated silica will set with lapse
of time. There are three important theories which have been set
forth in an attempt to explain the setting process, First, we
will consider the emulsion theory, postulated by Ostwaeld (7). He
assumed the gel to be & liguid-liquid system with en emulsoid
structure. However, the theory fails for silicic acid when one
conslders two factors, the viscosity and elasticity of the gel.

An emulsion could have & high viscosity but would still flow, Die
lute silicic acid gels have good flow properties but es the silica
concentration increases, flow disappears. Also stressesirain
curves for silicic ecid gels bear no resemblance to those of true
emulsion such as rubber in benzene. These two inconsistancies
lead to the sbandonment of the emulsion theory.

‘Second is the cellular theory, credited to Butehli (1). It
assumes & solld in the form of & cellular structure and the liquid
in the form of small droplets trapped in the cells. This theory
accounts for the elasticity of the gel but camnnot satisfactorily
explain syneresis, which occurs some time after the gel has set.
Syneresis is the squeezing out of ligquid containing the salts
end ecids present in the gel. It is not obvious how liguid could
be squeezed out of the gel without inflieting damage to the cell
walls, Finally, as the gel sets there should be an ineresse of
electrical resistance as the liquid is subdivided by the non-con-
ducting solid. This increase in resistance does not oceur., There-
fore, there are serious doubis @s to the validity of the cellular

theory.
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The third end generally accepted theory is the fibrillar
theory of Wagell (6), There are three types of structure which
are covered by it. They are:

8, Structure formed by agglomeration of the colloid,
be Mats of fine crystals,
¢s Polymers formed by condensatlon,

Electrolytes are generally ineffective in coaguléting silicie
acid and moreover, divalent electrolytes are leas effective than
monovalents Therefore, we may say that the gelation process does
not proceed by agglomeration., There is only one gel, myricyl
elcohol, which is known to form mats of fine crystéls,

The third structure, condensetion polymers, seems to apply
best to siliciec scid. Water is split out of neighboring molecules
of silicic scld forming long chain molecules with the water en-
meshed between them, These molecules are probably very highly
hydrated, The theory is supported by the fact that the molecular
weight of silicic acid is quibe low at first and rises to about
8000 as the gel sets (5)e The theory explains the lack of increase
of electrical resistence since the liquid phase remains continuous.
After the gel has set, any further contractlon should squeeze out
liquid; hence, syneresls occurs.

Assuming the fibrillar theory to be correct, we can see why
2 volume chenge is possible. Weater 1s split out of two siliecie
acid molecules as shown below, and the formation of the shorter
ai.licmmxygon bonds dreaw the molecules closer together than in
the ordingry silicic acld grouping.
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The tendency for the freed water to polymerize leads to & further

reductlion in volume,

App'@ratnu:

A dilatometer of about 73 c¢ec, capacity was constructed (see
diagram)s The change in volume of the gel was measured in the
capillary tube which wes calibrated by weighing columns of mer=
cury whose length in the caplllary wes konown. The volume of the
dilatometer was determined by welghing it empty and filled with
wgter at 25°C, and caleulating the volume of the water, The
instrument was held at constant temperature within 0.013°c. The
dilatometer was constructed with two stopcocks, one attached to
the side, on the filling tube, and one on top as an exit for air.

Procedure:

Compensations were required for the heat developed by the
neutralization reaction which is similar to thet of a weak scid
and a strong base. The heat of condensation of the gel, which
is distinet from that of neutralization, was developed over such
a long period of time, 1l.e. the time of set, that all heat due
to it wes considered to be dispersed into the constant temperature
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bath without causing any error. The temperature rise to be
expected for esch run wes calculated, The reactants were kept
at a temperature lower than that of the dilatometer by the tep=
perature rise to be expected on mixing, Therefore, when the
reactante were mixed, thelr temperature rose to that of thé dile
atometer and when introdused into it, no heat effect on the vole
ume occurred, _

The reactents and the dilatometer were kept in two constent
temperature baths with the correct temperature difference between
them, The sclid and silicate were kept in separate 50 ce., beakers
until they reached constant temperature. They were then mixed
by pouring silicate into the acid and introduced into the dllato=
meter as quickly as possible., Readings could usuelly be taken
30 aaeondé after mixing but the first one or two readings were
usuelly uncertain because of small fluctuations in temperature
before equilibrium was established,

The scetlc acid used conbteined 60 cc. of glaciel acetic acid
per liter which gave & normality of 0,951, The sodium silicate
contained 240 cce of "Brand B" silicate per liter, This resulted
in a normelity of 0,831, celeulated as equivelent in sodium hy=
droxide,

Using data from Stratte's work on the heat of neutrelization
of the acid and silicate, the molar heat was calculated to be
L4610 calories. From this wes calculated the temperature rises

for egch run.
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Datas

Volume of dilatometer = 72.9h cc.

celibration of cepillery = 1 ems = 0.01376 ce.
Normslity of acetic seid - 0,951

Normelity of acetie acid II = 2.8y

formality of sodium silicate = 0,831

T VARIATION OF ACID CONCENTRATION:

Run 1. 50 cec. silicate pH = L.089
30 co. 2,84 N HAc Set in 121 min.
30 cc. Hp0 #Temp. difference 1.74%.
‘(r;?h- mr?;%nsw (cm ) o g:p aﬁln;ry
0 5.80 30 12,97
1 beli2 Lo 13.38
2 7418 50 13.53
3 775 60 13.60
i 8430 70 13.67
5 8,85 80 13.67
10 10,28 90 13.70
12 10.89 100 13.70
15 11,65 150 13.57
20 12,25

# between resctants and ailatometer; rise expected on mixing,
## seale runs backwards; level 1s actually falling.



Run 2, 50.ce, silicate pH 4.80
30 cce 2,84 Ns HAe Set in 120 min,

30 ce. H,0 Temp, difference 1.74°c.
(aine) - Besting Rowy < M . - Sowiiieny
0 6450 4o 13,65
b ! T+00 50 13,78
2 Toli6 60  13.85
3 7.92 70 13,87
L 8.h2 80 13.92
5 8.86 90 13.92

8 10,15

10 10,75 100 13.92
15 11.82 110 13.85
20 12,58 120 13.83

30 13.30 130 13.76
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Run 3. 50 ce. silicate pH 5.28
50 ee. 0,951 N, HAe Set in 49 min.
10 ce. Hy0 Temp. difference 1.74°C.
?::;-) g:iéii;r%cu.) i g:g;i;;ry
0 570 15 8468
5495 20 9+28
2 5.85 30 10.27
3 5495 140 10,70
b 6015 L9 10.67
5 6435 60 1046l
8 700 |
10 Teli5 70 10,60

12 T.88 8o 10,50



Run . 50 ce. silicate pH = 5.40
50 ec, 0,951 N, HAe Set in 69 min,
15 co, H,0 # Temp, difference 1.59°C.
Time Capilla: Time Capillary
(min, ) reading (eom, ) reading
0 5405 15 3.25
: § Le92 20 3.0
2 e 50 30 2,96
3 Le25 4o 2,87
) 11403 50 | 2480
5 3.89 137 2,60
8. 3.60 170 2¢ 50
10 3.48 261 2415

#In error, should have besn 1.66%,, celeulated from the
heat of reaction.
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Run 5« 50 cee. silicate PH = 5,35
48 ecs 04951 N. HAe Set in 48 min,
12 ces Hy0 Pemp. difference 1.74°C.
Time Cepills : Time Capillary
{mine ) reading {(om,) reading
0 6.80 12 8,75
i 7420 15 Gelly
2 Te22 20 9e 5k
3 7430 30 9.86
) Te53 40 9486
5 7.70 50 977
8 8,22 60 9.75

10 8.53 70 9eT3



Run 6. 50 ce. silicate PH 5S40
48 eces 0.951 N+ HAe Set in 45 min,
12 ce, H0 ; Temp. difference 1.74°%C.
i - R g PR gag SRS -
0 755 iz 9.25
1 8410 15 9465
2 Te92 20 1020
3 7495 30 10,74
L 7497 4o 10.85
5 8.10 ' L5 10.80
8 8465 50 10477

10 8495 55 10,77



Run 7. 50 ce. silicate pH 5.45
I45 ec. 0,951 N. HAe Set in 30 min,

15 co. Hp0 | Temp. difference 1.74°C.
- N
0 5.85 ' 15 ~ 10435
1l 6420 20 10,70
2 6es9 f 25 10,76
3 6492 30 10466
L T2 10 10,65
g 7481 50 10450
8 8,92 60 10.45
10 9el5 8o 10,36
12 9,86 100 10,30
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Run 8., 50 cc, sillcate pH 6420
4O ces 0,951 Set in T.5 min,
20 ety naa Temp., airfarcéco 1.59%¢.
Time Cepillery Time Capillary
(min.) reading (cms) reading
0 8,05 10 Te50
045 8,00 12 Teli7
1 767 15 7.40
2.5 Te58 20 - Te32
3 756 30 7420
Le5 7+58 96 6492

Te5 Te56
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Run 9. 50 ocg silicate pH 10,5
21.5 oc. 0,951 N,HAc Set in 6 hours 30 min,
38,5 ces HO Temp, difference 0.80°C.

Time Capillary B Time Cepillery
(min.) reading (em.) reading

0 6473 30 8466

3 6o 8l Lo 9.10

2 6477 50 94116

3 6.80 60 9+.66

I 6480 80 9492

5 6.95 115 10430

8 Telb 158 1046l

10 T30 180 10475

12 7445 210 11,00

15 7068 11,00

271
20 8400 360 11,00
390 11,00



wlT=

Run 10, 50 ce. silicate pH 10.70
20 ce. 04951 N. Hie Set in 9 hrs, 30 min,
20 ce H,0 Temp. difference 0.,80°C,
?mia. ) g:ﬁéﬂig em, ) : - gﬁéﬁg‘”
0 6495 90 9.85
7«02 110 10433
2 692 130 10467
3 6.92 150 11,02
L 6495 170 11.20
5 6498 205 11,52
8 7.06 240 11.75
10 7413 270 11.95
i2 Ts20 a0 12,26
15 7430 360 12,35
20 Te48 Lao 12.48
30 7490 480 12,58
40 8,27 510 12,55
50 8,65 540 12,55

60 8496 570 12,55
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ITI VARIATION OF SILICATE CONCENTRATION:

Run 11, 30 cc. silicate PH 533
30 ec. 0,951 N, Hhe Set in 210 minutes
50 ce. Hy0 ' Temp, difference 1.04°C,
v SR .+« g P T = s
0 7420 20 13.60
1 8.23 e 13470
2 937 Lo 13.72
3 10,20 50 1374
L 10,90 60 13.75
g 11.25 70 13.75
8 12,48 8 13.75
10 12,90 150 13.75
12 13.15 210 13.65

15 13.41 330 13460
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Run 12, 30 ce., silicate pH 540
30 cce 0,951 N, Hie  Set in 210 min,
50 ce, H 0 Temp. difference 1.04°%¢,
Time  Cepillary Time Cepillary
(min, ) reading reading
0 6,90 22 13,68
b § 7.18 35 13,90
2 8430 L0 13.95
3 9418 50 1,01
L 9,76 60 1), 05
5 10,40 71 1,.09
8 11.65 80 14,09
10 12.25 90 14,05
13 12,80 125 1400

15 13.05 210 13,685
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Run 13. 40 ce, silicate PH 5.285
4O ec. 0.951 N. HAe Set in 91 min,

30 cc. H,0 Temp. difference 1.39°C.
B Ry R
0 6480 15 12,05
1 Te28 21 12,72
2 7468 32 13.28
3 8,12 40 13.45
I 8460 50 13.48
5 9400 60 13.50
8 10417 70 13.45
10 10,82 80 13.40

12 11,13 90 13.34



Run 1. 55 ce, silicate pH 5,20
55 ecs 00951 N. Hhe Set in 49 min.
Temp, difference 1,91°Cs

&?n. ) g:ﬁilnﬁ o, ) g i:géﬁgw
0 5490 13 12,16
1 6035 15 12,50
2 7432 20 12.95
3 8420 31 13.32
I 9417 4o 1337
5 9480 50 13.35
8 11,00 1 12,93

10 11.55



Compilation of Results:

-

GCae ace cCe Time Volume
Run HAe sil. Hp0 pH ?;:l ::1)7 ch;ngo
SR Wb 30 heB9 121 =0,148
2 50 #30 30 14480 120 =0,136
3 50 50 10 5.28 49 =0,0937
L 50 50 15 5«40 69 +0,0313
5 50 148 12 58 18 =0,0565
6 50 48 12 54140 45 «0.0633
7 50 L5 15 Seli5 30 «0,0906
8 50 4o 20 6420 T8 +0,0111
9 50 21.5 38.5 10.5 390 -0,0805
10 50 20 Lo 10.7 570 -0,0948
11 30 30 50 533 210 =0,120
12 30 30 50 5.0 210 ~0,0955
13 1o 40 30 5.25 91 =0,12
1 50 50 10 5.28 L9 «0,0906
il 55 55 0 5420 49 «0.142

#Using 2,8l N. HAce

All other runs use 0,951 N. Hae,
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Sample Caleulations:

Run 3. 50 cc. silicate (0,831 N)
50 cc. HAc (0,951 W)
10 cece HO
2. temperature riae.
50/1000 x 0,831 w 0.0415 mole in 50 cec.
4610 6&1'/mol. x 0.,0415 mol, » 192 cale

192 cale °
~oal = 1.74
110 gmex ) 1 ----’-RE.

be volume change.

capillary change s Le97 omex 0.01376 cos./cm. m 0,0682 ce.

Since the dilatometer was calibrated with & reading of
15,00, the volume of the eaplllary between the reading at
" time s O and 15.00 must be sdded to the total volume of
the d:.latmom.
9.28 x 0401376 = 0128 cce + 72494 ce. = 73.07 cc.
0.0682/73207 = 100 m 0,0937 % decrease.
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Discussion of Besultst?

4 pveview of the results showed that identical runs varled
as much as 10%. The first thing to be suspected was temperature
but experiment showed that one degree rise in temperature re=
sulted in an increase of only 0.91 cm. on the capillary. Since
temperature control and celeulation of temperature rise was ac=
curate to approximately .06 degree, the smell errors in tempera=
ture could not have caused such large errors in the volume change.
The discrepency must be due primarily to some other factor, In
general, errors seem larger when there is & very large initial
change, le.e, during the first five minutes.

The volume change seems generally to vary with the time of
set, Also, the variation of volume chenge with pH resembles
that of setting time with pH, A minimum in gsetting time occurs
at a pH of about T but it could not be debtermined whether &
minimunm in volume change occurred there, because the gel set
before it could be completely poured into the dilatometer.

The curves of capillary reading vs. time are in general sime
ilar., The volume decreases pepidly at first end then graduslly
levels off. The volume remeins &t a minimum for a short while
and then, usually sbout ten minutes before the gel sets, begins
to increase very slightly.

However, an inspection of the results shows that two runs,

L, end 8, resulted in @ merked inereasse in volume. In the case

of run 8, the setting time was only 7.5 minutes and this mey not
heve been long enough for the heat of aendansatzo;/disaipato into
the water bath. But this cannot be the reason for the volume ine
erease in run l, where the setting time was over an hour. (This
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time seems out of line with other runs.) S8ince 5 cc. too much
water was used in run lj, runs 5 and 6 were done using the same
proportions of acld and silicete as i but with the total volume
maintained at 110 cc. Here, & decrease rather then an inerease
resulted and the data fiﬁa"tho gonhral trend of the cother re-
sults.

Next, experiments were carrled out to observe the effect
on the volume change of varying the gilica concontrntien.. The
ratio of silicate to scid was kept constant for all runs in en
attempt to keep the pﬂlconstnnt. With increasing silicate conw
centration one would expect the volume change to‘increaso, The
results show ; rough increasse bub there 1s some uncertainty.

A1l data is included on this set of runs, howaver,
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