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In the past few yesrs much work hes been dome &t Uniom College in
411 of this work, bowever, has been done in slkeline, weskly scid, or moderetely
Three different temperstures were used, snd the pH of sll gels stadied wasz
to obtain this low pil. The hest of activation wes ealeulated from the deta
obtained,



Silleie soid gels hove been known for sbout tso handred years.
Berselius prepeved such gels in 1820, and Salden refers to the earlier work
of Potte done before 1800. Since that time msuy theorics have been presented
to secount for the mechuniss involved in the setiing of gels. At present,
three general theories for gel structure exist; namely, the emulsien theory,
the cellular theory and the fibrilisr theory. The emulsion theory wes for-
milsted by Ostwsldh, Thiz theory does not explain viseosity sad slustieity of
eilicie uold gels, end is not gemerslly seeepted. The celiuler theory proposed
by Buteehli postulutes thet water in the gel is beld by e celluler framework
resewbling thet of & honeyeomb., This theory expleins the elastioity of & gel
and the faot thet silicic seld gels do hold water in their structure. However,
it does not account for syneresis, mor does it expisin the observation that
precticslly no imeresse in the slectricsl resistance occurs when the gel sets
as found by Hard and Swenker®, The theory now most gemerslly eccepted wes
progosed by Proctor snd Robertson im 19145, This theory,cslied the fibriller
theory, pletures the gel as being composed of long thresd-like cheins whieh
lengthen end brench out es the molecules of silleic seid iotercomneet with
one snother. The final fibrous structure may be compared to & sponge, since
the gel i thougit to hold its liquid sisdlerly as o sponge holds water. This
theory explalns the structure of silicie seid gel fairly well, and is described
in detsil by Hurdé,

However, the true mechsniss involved in the setting of silieic secid
gels has not been definitely solved. W¥ith this inm zind, such work bss been
done ut Union College during thse past few years in scoumulsting dste which will
give & further insight into the trme theory of gel stracture. The mejority of



tide work, however, bas been coafiued to gels prepsred from scetic scid end
sodiun silieste, the resulting mixture being slkeline or weskly seid.

For these acetie scid ~ sodium silicste gels Hurd end Letteron® heve
shown the log of the time of set to be & linear fumetion of the reciprocsl of
the sbsolute temperature. They also celeulsted the irrbenius hest of sctivation
G, which was found to be 18,940 oal./gs. mole. Hard snd Hsynes® continued this
work using otber wesk scids (tarteric, suceinic and eitrie), end found the
lnesr relationskip to bold.

Silieie seld gele in moderstely eeid solutions heve beem prepared by
the aetion of stroug aecide end consentrated solutions of seetic seid upon &
solution of godiuw silicate. FlemsingT used hydrochlorie end sulfuric acids.
Hie conclusion was that the type of gel prodused did not depend upon the kind
of aeid used. Holmes® employed mitrie, hydrochioric snd sulfurie seids, and
varied tie normsiity of the seids using the samwe smount of sodium silicete. In
&1L of bis work ke used an excess of tie scid sbove that reguired to neutrslise
the sodlum hydroxide of the silieate present in the solution. The conditions,
then, were similar to those under which this research wes carried out. From
the data he obtained Holmes plotted normality of the seid sgsinst time of set.
He slso studied the effeect of temperature on the time of set and plotted curves
showing the relation between degrees Centigrade mnd the time of set for the
various seids. He concluded timt hydrogen ions affect the process catelyticslly,
and that the delydrating influence of non-ionized molecules of the acid is en
importsnt factor. He also found that for esch seid mized with the silicste
there is & concentration of hydrogen ious whlch delaye the set to en infinite
time. 4t still higher concentrstions of the seid, the time of set agein becomes
mesgurable, rapidly deoreasing to sn slmost imwediste set.
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Rsy end Ganguly?® later deterwined acourately the optimus ecaditions
for the formution of gels by the setion of hydrochlorie and sulfuric eelds
upon slkali siliostes. They found in esch case, for & definite concentration
of silicste, & point beyond which mo gelstion ocoured. lurd snd Letterond
used & fixed concentrstion of sodius silicate sad imcressed tie concentratiom
of sgetic acid from 1750 up to & maximum of 15.00 H. They obtelned a pecu-
lisrly bumped shaped curve, discovered by Holmes, end comeluded that the excess
hydrogen ions affect the process catalytieslily.

Pels end Firthl worked with different consentrations of hydrocklorie
acid and sodium silicate of density 1.15 at temperatures ranging from 09 %o
45° C. and found the time of set did mot wary with the temperature. They mixed
equal voluzes of silieate snd seid snd found & gel zet in 10-15 minutes. Ais
the streagth of ihe seld solution was graduslly dizminished, the time of setting
increased. Thus, when the concentration of the scid wes 2 N, a firs gel was not
obtained until & period of from two to tiree wosks bad elspsed efter mixing.
¥hen they reduced the concentration to 1.5 ¥, & gel formed lmwediately upon
mixing. As the strength of the acid was further diminished, they found the
time of set agein increased. They conciuded thet the molecules of the aeld
exert s ecatalytic influence uwpom the silicic seid produced; the influence being
in the nsture of = delydrsting action.

Bard, Baymond snd BEilierdl worked with mixtures of sodium silicste
and hydroehloric mcid. They ‘ound the time of set to be & linesr function of
the hydrogen ion concentration over s renge of pH from 4.20 to 5.50. Hauks
and Beintrauwbl® found that the pl of gels prepsred from silicstes snd lhydro-
ehlorie acid rises during and following the setting of the gel. & constant
pH velue is vesched. They concluded that the time for the gels to attaln pi
equilibriun depende upon the tempersture.



Burd, Prederick smd Haynesl® studied gels prepared from sodius
#ilicate snd strong scids (hydrochlorie, mitric snd suifurie) over ol renge
from § to 6. Therobtained time of get snd pi data, end from this calculated
the hest of sotivstion for sach of the throe seids used. They slso found the
PH to incresse with time, most of tie chenge teking plece before the setting
of the gel. Bstebelorl® prepared silice gels and found that the rate of the
resction iz limited by 2t least two fectors -~ concentration end tempercture.
He aleo found the pHl shift in strongly seld solutlioms is toward less seld
resctions, end thet the shifts are less merked in strongly acid solutions then
in moderstely seid resctions. |
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The sedium silicete used in thie resssrch wes the "E¥ brend furnished
by the Philedelphie Quarts Compeny. The Bag0u8i0p ratio by welght wes Lls33.25.
mwaumsam-mummwMtﬂnmuu
distilled water. msmc-wlm,wmsmmnw«thau&m
wmamamm,mammrwuamertmm The
-&ummhmmumw-&aawmmm,mnwx
oréage s the indicstor. Both the hydrochloric snd sulfuris aclds nsed were
mmmmmmummmhytmmmw. ALL water used
hmw&mamunmmmmnmxmmam
dietilied water which had been previousiy boiled to expel esrbon dioxide.

!hmwxmarmmiﬂmﬂaﬁ&nhnuﬂmmu
m%mwm,nﬁmmammmawa ihe gels
mn&ammmmmmmwmamuc.x
beskers coversd with tightly fitting watch glasses. In eseh 80 e.c. mixture
%hmmmsﬁmm#thm!ma\nﬂﬂﬂﬁmmﬂm
ummw»xmmxwwa.a. However, it was found to be more
mamhhmupamummnuoam,mmw-:mm
r«mwmwammaadﬁmoturhlffaﬂw Tius, 50
ma#th%mﬁ%mmﬁh&%ﬁtﬁummmt
m.mdm;.c.aruﬁméutermmmmumm.

%80 e.c. besker, These beskers, covered with watch glasses and held down by
leed weights, were plsced in & thermostated water bath 1.5° C. below the Les—
persture of the beth in which the gele were to set. Thias difference in tem-
perature has been found to correct for the hest given out in the resction whleh
back and forth three times in the two beakers. 83 e.c. of tie mixture was
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poured into & 100 c.e. K beaker snd piasced in the bath et the desired tempers~
ture. The other half of the mixture was poured inte the 100 c.c. besker pre-
viously used for the silicste snd placed 1n the thermostated bath where pH
readings were taken.

The time of set was determined by the tilted rod metind as described
by lurd and LetteronS, The gel wae considered set when & rod 5 mm. in disseter
and 10 es. long was supported st an engle of sbout 209 to the vertieal.

The gels run at 0° ¢, were allowed to set in semall 2 os. bottles
stoppered with parsffined corks. These bottles were fousd to be more convenlent
then Erlenmeyer flesks. It wae found that sbout 60 e.c. of the gel mixture in
one of these bottles when tested with the sume sise rod gave results whleh
&greed with those obtained for the 297 c.c. mixture in z 190 c.e. besker.

The gele in this resesrch were ran st three 4ifferent temporatures,
nanely, 0° €., 25.0° C., snd 58.2° O. The 0° €. thernosists consisted of in-
sulated tubs filled with a mixture of mnow and weter. Presh snow weas added
From time to time and the excess water removed. Defore mixing it wes found
hnegessary to eool the acid in & serarate 0° bath, in order that any esecaping
fumes would mot lower the tempersture of the regulsr bath., The £ oz. botiles
in whioh the gel was sllowed to set were packed firmly in the snow.

For the two other temperatures, water thercostats were used. The
temperatures of the bsths were controlled by meens of & mercury tbermoregulator;
~ and in one bath telephone relays were used snd in the other & tiyratron tube
cireuit wes used. Elsetrical heaters were pleced in the regulstor eircuit. The
weter was clroulsted by means of & stirrer run by & small motor. in effort ses
msde to keep the temperature of the bsths ss constant e possible, sinee s ehenge
of temperature would affect the time of set. All of the tesperatures were
measured with & calibreted Buresu of Jtandards thersometer.



The quinkydrone electrode metbod was used for determining the hy-
drogen ion coneentration. Pletinus wire was used ss an eleetrode, since tihds
12 not affected by solloidsl silicie scid &s shown by furd and GriffethlS,
The reference electrode was a setursted calomel cell, which mas made up as
desoribed ia Deniels, Batthews and Williessl®. The ordinery Leeds and Horthrup
quinhydrone potentiometer could not be used for measurement of the pH since the
Pii's to be measured in this research were so low that tihe potential readings
were off scale. Yo overcome this difficulty it was necessary to set up an
apparatus using Leeds und Horthrap potentiometer Ho. 79650 errenged with the
stundard eell outside the box. This spperatus is shown in Figare I.

The calculation of the poteniisl depends on an excess of the solid
quinbydrone. Therefore, in adding quinhydrone it is essentizl to add an excess
8o thet sowe of the solld ressins on the bottom of the beaker. Tie addition
of this quinhydrone hes mo effect upon the tise of set ap found by Nelonel?,
Guinkydrone is an equimolar mixture of quimone 2ud hydroguimone. The resction
tuking place iss

Hydroguinone = Guinoune + 287 + 2e

The equilibriun constant is:

K = {Sainone) (HHZ®
Hydroguinone
The potential iss

E=¥ - 1s 2 warocuinone
(o%g) (8 guinone)
However, cuinone sad hydroguinone forythe equisoleculsr compound
called quinhydrone, which gives constant and equal concentrations of quinone
and hydroguinone so the relation iss



t:t.-c—;mm;g*.'
This reduces to:

et w
when the resdings sre made st 25° C. using & sstursted KCL solution in the
calomel cell.

Care mast be teken to keep the platinum electrode cleen. This wee
done by lsmersing it in bot esustic, then in distilled water, snd fisslly
flesbing in & flsme. ALL pH's were tsken at 26.0% C. After the quinkydrone
was added, the solutiosn wae etirred well and allowed to come to the tempersture
of the bath. The calomel snd platinum electrodes were lowered into the solution
&nd wmeasursnents of the potential were made. These osn be most convenlently
converted into pH unite by resding tie walues from a curve. Therefore, a greph
sas coustructed with the help of formule (A), plotting pil sgeinst potentiometer
reading (Greph VII).

Frederickl®, working with strong seids eand sodimm silicste im the pil
renge from 5 to 8, found « definite drift of pil towsrd Migher values. The ssme
IMm&mhmm liowever, the pH drift does not sppear
%o be as merked as in the Less acid region in which Frederick worked, snd dis-
ppears completely in very seid solutions {sbout pH = 0). This observetion mey
be explained by sssuming thst there is some resction tending to deplete the B
ions presant. This would seceount for the drift towsrd bigher pH, thet is, lower
" H"ion congentration. Nowever, in the case of very seid solutions, the concen-
tretion of H' jons is s0 great thet suy decresse inm 1t will mot be cbserved and
bence mo pH drift will occur,

The solution slways drifted tomerd higher pl's, thet is, toward lower
bydrogen ion eoncentretion, snd {inally slowed up to & practically constent wslue.
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it ses this value that was recorded &s the pH., These pii's were of the correct
magnitude and plotted against the log of time of set geve & straight line,
over the renge studied, and hence were assased to be correct values,

ds the strength of the seid was lvoressed in the gel mixture, the
PE naturslly decressed to lower values. lHowever, beyond & certain point, the
pi resdings began io incresss sgain, snd to very up end down, sz the H "ion
congentration wae ineressed. Sincs the pH cannot possibly ineresse with
greater addition of HY lomns, it was sssumed that the limit of the epparstus
had been reeched. This limit for hydrochlorie scid gels was & pH resding of
shout ~.5, end for sulfuriec seid gels of sbout —.5. Beyond these values no
relisble messurements of pil could be made with: the quinkydrone electrode.
Thevefore, smother wethod was sougit to measure the pH of very concentrated
aeld solutions. & seareh through the litereture proved futile. Appareatly
very little or no work bhes been dose in sttempting pl messurements in such &
high concentretion of B ions.

The time of set of the more acid gels, however, wes teken. In the
case of the gels made with hydrochloric scid, the color was yellow and the
depth of color becume wore marked as the concentration of the seld was in-
eressed. mmmum&wumumwmmu
CL™ ions.

in the pore coneentreted hydrociloric aecid gels run at 0° C., a
- precipitate of sodium chloride seperated out., Jven lbough the solubility
product of sodium chloride is bigh, the very large concentrstion of Na' and
€1 ions wee spparently grest smough to emeeed the solubllity product. Although
the zolubiiity of sedium chloride remains practicslly constent for tempersture
clenges, no precipitete sppeared in sletler gels run et the two higher tem-
perstures.



sscording to Hurd, Baywond end Hiller’:, sodius chloride sdied to
the gol mixture decreases the time of set withoul esuslug eny sonsiderable
change in pll. Thus, this separstion of sodius chloride mey effect the gel
in some manner, !hmmssmmmmzmmrm-,
eantration was so high that 1t could not be measured for reesons stated sbove.

The sulfuric acid gels were white and opague, snd this opscity in-
crcased &8 the concentration of the seld was ineressed.
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The date obteined, consisting of time of set end pH messurements
:«mwwmmmmmmmmmm«at
temperatures, sre given in the following tebles. The time of set of the
Wsmﬂmmdmzmuwmu.mmms,wm
the sulfurle seid gels from slmost Lmsedlste set to gels whick did mot set
mmwmgm,mmmmummumwm The pH
renged from »5 %0 ~.5 for the lydroshloric seid gels, and from .96 to .58
for the malfuric seid gols. & very slight deeresse of the hydrogen ion con-
Geatration will bring the pH from lees then 1 up to sbout 7, and cause the
gel to set Lmsedistely. The gels shich took a long time to set were those
“MWWW,MUmM%lBW“MtMQBMMl
shorter tise,

mmmammwwmammmtwm
the piltse, These results sre shown in Graphe I and II, tinee these curves
fwt&mdﬁmmtmhhlwmm, then the resetion
r«mmaﬂummm.

tumhdmummnmwamumwatmmmm.
ﬁrmtbmmumwmmw,mhnd
wmmumwmwmmammw
&mnmuummmtwhmmmww
degree. The heet of activetion obtained wee sbout 11,000 selories for ihe
Mwmm»utammmmmmm
These velues are much lower then the results obtained by other investigstors



who have worked in the less acid renge snd wio have obtalned sbout 17,000

calories for the heat of sctivetion. This Llower heet of aetivation in the
nore weid renge may perbeps be dus to the delydrsting effect of the concen~
trated seide. The increased hydrogen lon concentrsiion sesms to act as &

catalyst since the gels tend to set more guickly when the scid concentration
iz ineressed.

in Graphs ¥ and VI the time of set 13 plotted sgainst the corres-
ponding pH. It is seen that the tine of set approaches sero asymptoticelly
as the o8 is deeressed.

The pil drift msy be caused by the splitting out of water from ortko
siliels aold to form more complex seids. This condensation should be ineressed
by the delpdreting effect of comcentrated acids and this wes found to be the
case. Thls deta then would tend to upbold the fidrilisr theory, the exact
method of intercomnecting of the silicie seid molecules being unkmown,

In conclusion, the suthor would suggest sn investigetion into
methods of meamsuring pil in very seid solutions, sinece tils was one of the
prisclpal obstacles emcountered in this resesrch. It mey alsc be interesting
to use ecids other than those used in thiz research to study the formation
of the gels in very seld solutions.



80 gec. of 1.28 ¥ sodium silicate present in all mixtures

E

cuEEBBEEe bR sepeeBEEE E
:

EEEBsseeascesesenebittonag

:

Tewpersture £6.0° C.

28 Time (min.) og tize
+51 185680 4.218
« 58 13980 4.144
58 8200 5.914
28 5590 5,819
10 2580 S.401
0 1150 $.081

-o 08 840 £.924
- 18 428 2.628
-8B 282 £e343
“&ﬁ m 3.1!1
-y 58 88 1.8%0
- dB 57 1.756
s 1 47 1.672
o ik 84 1.882
- 4.5 1.589
" 11.5 lvm
- 15.5 1.130
- 12.8 1.097
b 'q' om
- ,&1 om
- 8.6 «T48
- 4.5 553
- 5.2 «508
- 2.8 <447

14,



E

#
5
cubbBussssenssussesE §

EfEssezasecpesepunnes




E

cubbBbEpsaEneesnneseBEEE E
&

EEEeeneuuenretebEtitvex

:

EREREBEESES
-

4 %y

“e0

658



“RAL ELECTRIC COMPA_)IY. SCHENECTADY, N.Y., U.S.A,

D) "
1 T
3
s
. T
|
Eyard 2 W
.
]
| . (Wi
i
1
| &
Y 1
<-4 /]
A
w,
L
W 4
A
v
V.
5
P
- 1
y,
- 0
: P
\ %
:
aw i
7 1
3 7
4
1]
o 3 B L
1
l b3 B
t
:
g a 3
- = |
o
N
L
I . .
77100 Inch Divisions

FNS21.B  (3.38) ;




50 eve. of l.28 ¥ sodius sillcste present im all mixtures
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28 2L B/OL. B0

o2 5.778 8.081 £.744
~.18 B.E88 2.6268 2.280
- 5L 2. 781 £.121 1.740
~e43 Lo4k8 1. 768 1l.482
- &l £.178 1.682 1.148

Heat of Activetion = £.30%5 R slope
Heat of ietivetion for hydrochlorie seid gels = 11,000 eal.

sukluric feid Gelg

' dog time
i P 25,00 . .20 Q.
<36 - 4.007 5. 586
+80 4.204 B.644 5.220
«54 4,008 5.591 8.000
+05 3.80L 5,033 %708

- 51 3.179 2.578 £2.283

Beat of setivation of ealfuriec seid gels = 9,000 eal.
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SR

The formetion of silicie aeid gels in very strongly seid solutions
has been studied. The gels wers made by mixing sodiws silicate of 1.28 §
&nd concentrated solutions of strong eoids, nemely hydrechloric and sulfurie.
mwmwumam&sﬂuwtm 00 C., &° ¢.,
and 58.2° ¢, The log time of set wes found te vary lineerly with the pil over
the range studled which was from e i of 1 to thet of ~.5. The lower renge
of pH was limited by the apparetus. The quinkpdrone electrode gives sppsrently
unreilsble results for & pH lower then —.5. The hest of sctivation of these
gels was culculated end found to be 11,000 cal./g.wol for kydrochloric seid
gels, snd 9,000 cal.g.mol for sulfuric acid gels. A pH drift was noted, which
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