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INTRODUCTION

This research was & guantative study of the polymerisation
of silicie acid molecules which occurred during the process of
gel formation by the mesns of dialysis.

The condensation of the silicic ecid molecules, Si(0H)g,
to form larger molecules of colloidal size,as suggested by the
polysilicic aeid fibrillar theory,was investigeted with membranes
of known pore size at verious stages of the resction.

Although filter snd membrane sction is only te & limited
extent comparsble with the action of & sieve, and iz much more
dependent on the sbsorption in the capillaries than the sise of
the pores, still & close connection between the concentration
of membranes end the size of particles held back by them has been
reported (1) smd it wae hoped that by this means the mechanism

of the condensation of polysilicic seide could be studied to
- some extent.



HISTORICAL

R

Heny investigators before 1900 attempted te sepa¥ate
electrolytes present in & sillcic gel mixture from silicic acid
by the means of dislysis end obsexved thet considersble amounts
of the silicic seid,when first formed, dislised through the
membrane with the eioetrelgtu. This phenomenon wes investigated
guslitatively by Zigmondy, (2) who observed that the siliele soid
passed through the membrsne freely in the early part of the
reaction and that as the reaction proceeded theamount of siliele
acid &mﬁm through decressed until by the time of gelationm,
the silicic seid hed entirely ceased to pass through the membrane.

Zigmondy also observed that upon the addition of minersl
acid to the gel mixture much less silielc seid vwould diffuse
through the membrune.

With the q:::npﬁon of sn even less complete investigation
by Jerdis (3) this phenomenon of the dialysis of silicic seid
has not been further investigated end,ss fa¥ as could be determined,
the phenomenon had not been investigated gqusntatively.



BXPERIMENTAL PROCEDURE

o -

Any study of the condensation mechanism of esilicic aeid
must be carried out under uniform conditions throughout the
entire experiment, M1e&ien was chosen as the membrane material
for the dislysis becsuse of its ease of preparation, its re-
produeibility and the possibility of controlled permeability
variation, All dialysis will be carried out with 6" membrsne
sacks which will be filled with the substance to be dialysed
and pisced in 8" test tubes comteining 40 e.c. of water, All
reactions and dlalyses will be carried out at 26° C.

The collodion sscks were all prepared by the following
procedure: U.S.P. collodion solutiom, General Chemiecsl Co.,
code No,1611, was poured over the inside of 6" test tubes, the
test tuber were inverted snd allowed to drein and dry for a
predetermined period of time. The test tubes were then placed
upright,filled with distilled water snd sllowed to stend for
ebout ten minutes,efter which they could easily be removed. The
membranes were preserved in distilled water for at lesst 48
hours before using. The permeability of these membranes depends
on the period aliowed for drying of the collodion film previous
to filling with water. A number of such membranes were mede
each with & different time of drying,renging from 6 to 85
minates, The pore siges of each of these membranes were then
determined by the sir pressure method (4,6 end 6). In this
Mmethod the pores of the water saturated membrane sre considered

e
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as capillery tubes wet with water. The air pressure,P, reguired
to force the water from the tubes (pores) depends on the inter-
facial tension between the water,air and the membrane,and the
radius of the pore, r. These are connected by the relation rs

2EScos ® where 5 = surfamce tension of water

Pg
P = pressure in g/om*
g = gravitational constant = 980 dynes

6 = contact anglc between membrans snd
water = 55

For the collodion membranes under the conditions used the

]
sxpression reduces to r - 1226 X 10" wnere P s in pounds
F
and r measured in om,

This formuls is velid,sccording to Releigh and Freundlich
SmooTh
‘('uv::ed down

(7) for caplllaries smaller than .01l ¢m down to those value .
ip

which fall within the magnitude of molecular

attraction;i.e., 50 2.
The alr pressure cell used to hold

the membrane was msde from an old 5/8" pipe £
“%

"I", with a 3/4" side outlet. The edge of
the 3/4" side outlet was turned down smooth
on a lathe #0 &8 to provide am airtight lip 33»333:;
#" wide. The surfece to the "T" was grooved

to provide a "seat" for a piece of 3/16"

diameter bress rod.threaded at both ends,by

_——— e )
T e e

means of which a perforated 1/8" steel-eewgRfr~r——° E—— o
|
plate could be clamped tightly agsinst the |
| — AN L S -LIVM
turned-down surface of the pipe T by the - — T
means of thumb sorews, In the holder there \ .;-;,Lg
]

was placed in order a thin rubber gasket,the Fata inlet brass rod
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membrane out $to0 fit the holder, & like shaped piece of linen
eloth, a piece of 60 mesh copper gamuze, a second rubber gasket,
end finally the perforated steel cover plate. The cell was

then connected with a tenk of compressed nitrogen end s pressure
gauge, a film of water was placed over the membrene snd &
megnifying glass focused on the copper gause through the 1/6"
holes in the steel plate. The gas pressure was sppiied graduslly
to the membrane, the number of bubbles which sppearsd st each
suocessive pressure being recorded. The dsta obtalned for the

series of membrsmes ig shown in the tables below:

brying Time Pressure in Humber Pore Size
of Menbrane _1lbs.per sg.in, of bubbles in Angstrom
6 min, 5.0 8 34.?50
9‘.2 3 7 13.

1L.6 . 14 10,780

15.0 18 9,625

16,586 e . 8.850

19,0 27 6,520

15 min, 11.5 S 10, 750
15.0 6 8.100

l'hﬁ 11 ’lm

20,0 i6 6,190

- 2 5000

26,

80 min. za.g 9 5,500
26.0 16 5,060

27.5 19 4,580

30.0 22 4,200

32.5 25 3,880

35.0 26 3,600

60 min, 2%.5 o 4,580
43.0 3 2,950

82.6 ) 2,400

80.0 10 2,100

5.0 15 oot

85,0 16 1470

90.0 21 1,400

96.0 24 1,310

100.0 27 1'359

10.0 5@ 1.150

]



Time Pressure in Hunder Pore 8Size
of lembrane lbs.per sq.in, of Bubbles in ingstrom
85 min. 45,0 2 2,800
56.0 b 2,290
$5.0 9 1,330
120.0 13 1,080
140.0 18 900
150.0 20 840
1556.0 22 816
180.0 25 700

The pressure indicated could be reed from the pressure gsuge

to the nesrest pound,
From this tsble it c¢an be seen that the number of

membrgne cspillaries does not vary with the time of drying

and also that the pore size of each of the various membranes

are extended over a considerevle range or spread, but that the
oversll size ss well as the sversge pore size betwesn the

various membrsunes is considersble, This is well illustrated

in the following ecurves in plate 1, in shich the number of pores
are plotted sgsinet size of cepillaries for the various membranes.
If an "averags” or "most probsble™ pore size value for each
membrane is taken us the pore 2ise of the 12th capillary, and
this "most probable” pore sise of each membrane is plotted against
the drying time then a smooth curve reszlts, as isshown in Graph
Z. This curve can be extrapclated to give values of membranes
whose pore size was too smsll to be determined by the evallable
apparatus,

The problem of the effect of the chemicals naoi upon
collodion membrsnes was investigated next. The fact that NaOH
solutions stteck and eventually dissolve collodion membrenes
sutomatically limited the experiment to those silicic seid gels

formed in scid solution. Although dilute Solutions of @cetio
®
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hydrochlorie snd sulphuric soids did nol seem to have eny
physical effect upon the membranes even after stending several
weeks, the effect of PH upon ths' pitmhi.utiu of the membranes
was investigsted. Several membrsnes,drying time 15 wmin,, were
placed in dilute Hg30, solutions of three different pHs, and
after being sllowed to stend various lengths of time were takem
out and thoroughly washed to remove all treces of seid. Ten co.
of Hap 810y (1.856 IN) was placed in each membrane sack and
dislyzed in the usual way with the results shown below:

I - ol - L AT A
) § 2 72 hrs. 90 min. 0.5726
2 3 72 " il 0.56285
8 5 "™ " - 20 0.4950
4 2 1 month A 0.5480
5 2 1 hour - 0.5044

The effect of the acid upon the membrane appecrs to be

that of increased permesbility with lower pH, as cen he seen in
curve III, thie change in permesbility smounting to about 9%
between pH of 2 end pH of 3, and ebout 7% between pH of 5 and
pH of 5, Curve IV showing the change of permesbility with time,
seems to indicate a chemical effect of the acids upon the membrane
a8 well as an gdsorption of the H® ioms.

- Before starting the sctual dislysis of siliecic scid it was
thought well to investigate the silicate used throughout the

experiment. This sodium silicate was commercial waterglass

obtained from the Philadelphia Quarts Co., and diluted to 1.355 K



with respect to the sodium., BHach 10 e¢c. of solution contained
1.2570 g of smg when anslysed by the ususl seid process.

Two experiments were performed, the first being a complete
dialysis of 10 cc. of the waterglass to determine the amount of
colloidal am, present ,and the second mermﬁt, the rate of
dislysis of wetergless, Ilembranes sir dried for 10 minutes were
used in both cases, '

In the first case the 10 ge.of watexglass was allowed to
dialyze into amounts of 40 cc.of distilled weter at 26°C.,the
time of dialysis in sll cases being more then 4 hours. The
results are indiecated bdelow:

Ho.of Dislysis  Time of Dislysis Results in g

1 4.5 nours 9270
2 16.6 .2583
3 @ " .0450
¢ y = 0157
5 oo -0069
7 w0 .0020
é | 8.6 " .0022
Silice remaining in sack - .0034

It cen be seon that the smount of silica still contained
in the membrsne after eight dislyses was less than .3% of the
original amount of silice. In order to see whether the water-
glass could not be further dlalyszed the constent dialyzer shown
in the disgram on the next psge was used. A controlable flow of
distilled water from a 2 liter stock bottle ran in & thin film



outside of the membrane contained in s test

tube ,whose inside diamster was slightly

larger than that of a 6" test tube.

By this

i

i
A i §
- ’

2 hler e
stecis bHeftie

A " - T
“ak@wnne 10
-

faBS Tweg — .gn*,.‘”m'?b;:

means the contents of 1 membrane could be §|7 %’
conveniently dislyzed es desired. Some s Mlicha ﬁw__"f%
results obtsined in this way are shown below,. 1 Hang
: : | i
rubber Tubwng .
Length of Wt.of 3i0g ’ﬁ
z&_;a Dielyzed BRetween Hembranes 7 of 31%_«& L% _1
48 hrs. <0108 g 0.8% HHod jan ii =~
& - L3089 0.6% membrane N\ * '. 1 \j
36 v 0121 0.9% {L’ !.’ toie
1 week .0052 0.4% i Iy
2 weeks 0029 0.2% 4,0 sutlelr gi\%(}
Thus ap almost negligible part,0.2% of the siliea present |
in the waterglass is present as colloidal particles larger then
10,000 5. |

In the determination of the rate of dislysis of the sodium
silicate 10 cc.semples were dialyzed in the usual way for successive

periods of time.

1

o s G »

The results obtalued are shown below:
Ho.of Disiysis ZIime of Dialysis jmount of $10p dislysing through

26 mins,

D S - —— - - - -~

0.5931 g
0.7147 g
0.7750
0.86867
0.9508



.

Ho.of Pielysis Time of Diaslysis JAmount of 85i0p dislyzing thra

i 30 mins, 0.6210 g
2 60 " 6.6819 g
3 $0 " ' | 0.8060 g
B iz0 " 0.8688 g

This data is Bhown in Plate § where the amount of Si0p
dielysing through the membrsne is plotted againet the time of
the dialysis, This curve resembles thaf obtained for a firet
- order resction,but upon anslysis does not yleld either aestivity
constents which sre in sgreement,or s strsight line when the log
of the amount of 510p is plotted sgainst the time. This curve
will, however,be aseﬁ later to determine the smount of 210,
dialyzing through any desired time for tho gelling reaction c"k
zero time; i.e.,for the 510p dielysing through the moment before
condensat ion commences.

The sotusl dialysis of silicic aeid was now undertaken,
!'ho.pmeiﬁurt will be as follows: The resctants sodium silicate
and acetie seid,after being brought to constant temperature st
25°C. in separate containers are mixed by pouring the mixture
from one beeker to amother., After allowing the resmction to proceed
for 15 minutes,10 ce. of the nixtm was removed,plsced in a
membrene and allowed to dialyze for 10 minutes into a solutiom
containing the same concentration of sodium acetate,and having
the same pH a8 the gel mixture. Thirty minutes after the time
of mixing smother 10 ec.of the gel solution was removed, snd
likewise dialyzed for 10 minutes. This procedure was repeated

at successive intervels of 16 minutes. The gel mixture must sll
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have a time of set grestsxr than one hour. The data of such a

dielysis is given below and = graph of the resction on the

following page.

-]
15 min.membrane nsed- average pore size = 6,700 A,
Gel mixture - (256 cc., Nag 5i0Oz sol.
(50 cce H op HgO (0.9995)
pH = B0C (5 cc. H0
Time of set 1 hour 25 xginntos.
Pislyzing mediwm (12.5 cc.Nel4 (1,350W)
: ‘25.0 ee.E 02 H5° ‘0.99“)
pK ’4.85 ‘205 CCoe Eae

Gel mixed 3:36

Ho.of 10 cc Sample Dialysis Amount of 8i0
Semple Removed at Started Euded Dialyzing Thiough
i 33 61 3: 62 4:02 0.0062 g
2 4:06 4: 0% 417 0.0033 g
3 4: 21 4:22 4:5% 0.0014 g
4 4:36 4:37 4:47 0.0014 g
5 4: 51 gel was partly set and much too hard to be pipetted
Same gel as asbove.
Gel mixed 12:00
No. of 10 ce Sempls Dialysis Amount of $i0p
Sampls Removed st Started FEnded Dialyzing through
1 12:15 12:16 12:26 0.0065 g
2 12:30 12:31 12: 41 0030 g
3 12: 45 12146 12: 56 .0024 g
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The experiment on the previous page (p.9) wes obiained
with longer setting gels snd the use of 2 membranes of different

pore size.

DATA
(a) parts - 85 min.membranes,-average pore size 1,080 :.
{b) parts - b nin.mbiann.- " " * 10,250 2

Gel mixture (25 ce. Ha,8i0z (1.366 N)
pH = 4.7 (55 co. H 8y HgOp (0.990 K)

Pime of set 1 hour 50 ninutes.

Pialyszing mixzture (25 cc. Hag, 310, (1.350 N)
p! = 4.’ fﬁB 8G. K‘gg Bsaz fO.m ')

Gel mixed 2:15 ‘
Ho.of 10 co.3ample Dialysis admount of 5i0p

_Removed st Sterted  Ended Pislyzing Through
ls 2:50 2:81 2:41 0.0094 g
b 2: 31 2:88 2:42 0.0166 g
2a 2: 45 2:46 2: 66 0.0048 g
& 2: 46 2: 47 2: 57 0.0063 g
3 & 8300 3:01 $:11 0.0025 g
kS 3:01 3:02 &:12 0.0028 g
4a 3:16 316 826 0.0018 g
b 8:16 8317 3: 27 0.0013 g
bsa 33150 8:51 3:41 0.0016 g
b 3:31 B:32 5348 0.0017 g
6a B: 45 B: 47 83 57 0.0018 g
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°
(a) Parts - § min.membranes,average pore size 10,250 A
(b) " =135 " Y " " " 650 x

Gel mixture (20 co.of NagSiOy (1.355 )
P‘L! = 4.4 {60 co.0of H ‘3‘5 g{e‘.’” )

Time of set 4 hours 50 minutes.

Dialyzing mixture (20 co.of NeOH (1.380 )
PH = 4.4 (60 ec.of H opHz0, {1.350 1)

Gel mixed 1:00

HNoe. of 10 cc.Sample Dialysls Amount of S5iOg
Sample Removed at started ended  Dislyzing Through
la 1:18 1:156 1:26 0.0186 g
b - Islé 1:17 1:27 0.0158 g
2a 1:30 1:31 1:41 0.01256 g
b 1:31 1:82 1:42 0.,0088 g
S a 1:45 1:46 1: 56 0.0082 g
b 1:46 1:47 1: 57 0.0068 g
4a 2:00 2:01 £2:11 0.0089 g
b 201 g0 213 0.0067 g
hb 2:16 2:16 2:26 00,0045 g
2: 17 2:18 2: 28 0.004% g

6a 2:30 2:31  2:41 0.0040 g
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In sll the curves obtsined from the data given on the
previous pages it sppears that the rate of dialysis wss
approaching aonstantfvalna 88 the reactions pruéooded, end,
uorcovai. thet this smell but definite vaiue would extend
through snd beyond the point of setting of the gel. This faet
was investigeted in the escid gel which hed already set for
epproximateTy 24 hours before being dialyzed. The data for
this dielysis is given below,

0
15 min.membrane wag used,= average pore size 6,700 A
(24 .52 co.NaCgHz03 (8.807 ¥)
(74.5 ec. Nag 8i0, (1.178 N)
Gel mixture {34.89 cc. H ogHz0;(2.446 N)
PH= 7.00  (91.29 cee Hg0
(Total volume 225 cc.,total wt.236 g.

Total weight of $i0, present in 225 ce. = 8.656 g.
Time of set 14 min. 15 see.

i - utng ,mzxtnre (40 cc.of NaBgHz0. (0.7 N)
= 7.0

Wt.of Gel Time of 510
Sample used Dislysis Dislysing Through
.533 g 30 min. .0010 g

0.42% of total SiOp capable of being dialyzed.



DISCUSSION 0F RESULES

-

In the preliminary work the effect of the resctants wpon
the collodion membrenes and the rate o:_t dinlysis of the sodium
silicate was studied. It was found that for the range used;i.e.,
between pH = 5 and pH = 4.4,the change in membrane permesbility
as towsrd sodium silicate is sbout 1%. This was within the limits
of the experimontal error of the gels investigated in the latter
Sections and thus this corrsotion wes not required for the date
on pages 9,10 ard 11, It was believed that the rate of dislysie
of sodium siliccte as given on Plate § did pot represent a first
order resction gs any dislysis phenomens should, because,firstly,
the effect of basic solutions vpom collodion membranes and, second=
1y,the gredual shift in pH during the dislysis which results ﬁl a
sharge in the molecmlar weight of the sodium silicete (8). It
Was belicved that thie discreponzy wes mot very iarge during the
first 10 minutes of the dialysis and that the uve of this velue
@8 the sero time value for Plstes 6.7 snd 8, did not involve &
groat deal of error.

In the primary work siliecic scids of verious pH mnd with
varions timee of setting were dislyzed at various stages of the
reastion. Jor all gels a characteristie curve was obteined in
which the amount of silica dielyzing through the membrane decressed
Very rapidly during the first few minutes of the resction, snd as
the reaction proceeded, spproached a constant value which was 7%
to 1% of the amount of siliea dielyzing through at the start of

the reaction. This value remained constant even after the gels

had alresdy set for many hours, Although thig is g diree
t
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sontradiction of the result reported by Zigmondy (£) the result
appears to be valid,as shown by the consistent results illustrated
in all throe Plates 6,7 and 8. The possibility that less than
10% of the vsilieie soid present is in & condition cepsble of being
dialysed; i.e.,apparently of mmall molecular nsize,does not cone
tradict the genersl polysiliciec acid £ibrillar theory as presented
by C.B.Hurd (9). |

The interpretation of the results of siiiciec acid dialysis
depends upon the extent to which membrane action is snalgeous to
that of sieve n@chanin. As previously indicated the two actions
are comparable to a limited extent only,since the permesbility
i® mueh more dependent upon adsorbability and electro-sdsorbability
than mere physicsl dimensions. Xruyt (10) states that the
Mttuaibility of a substance ie govarned by physical-chemical
PToperiics whieh run wmore or less parsllel with the size of the
molecules but which also depend npon thelr chemieal composition,
This view is confirmed by the experiments of Bilts (11). In
this experiment on silicic aeid gels the mechenism studied does
not mﬁm any chemical reaction other than the splitting out
of water from betweem the silicic acid molecules. Thus the
variation noticed in the dialysis Trate a8 the reasction proceeded
G&8n be considered as the result of the building up of the
Particle size of silicic scid molecules since the adsorbability
Probebly in thie cese runs parallel to the particle size. The
Permoability differences obtained for membranes of different
drying time,see Plates 7 and 8,8Y¢ what might be expected on
the besis of either sdsorption or sisve pheno=ena.



CORCLUBION

- -

From the experimental work accomplished on the dislysis
of waterglass it can be definitely steted thet the silicates
eontained in commeyelsl mterglass are practically all in
solution, and that less thsn two partc'par thousand are present
as golloidal silica. The results obtained on the acid-silicate
rmtion Geem to indicate thet trers im & very repid condensation
of t!ie simple silicie pcid rmolecules in the esrly stages of the
reasction to form lerger non~dislyzing colloidel particles, but
that this polymerization of simple silicic scid molecules is
incomplets, In every gel axemired regardless of its ege there
is some pilieca capable of diffusing throngh collodion membranes,

Purther experiments of thie type should be cerried out
Perticularly with more than one membrane having permesbility
differences which are greater then those used in the last two
eXxperiments., Gels with s longer time of setting mey slso be
utiliged to study the condensation occurring during the esrly
Stages of the reaction,
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