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. The lncorporauon of AI,O, In a network of SIO. tetrahedra has a marked lnﬂucnce

‘on the electrode properties of a glass, .

From theoretical considerations it follows, as could be proved experimentally in
this paper, that the exchange capacity and the hydration is less for a glass containing
ALQ, than for Corning glass 015. which dbes not contain AlLO,.

As was stated in the previous communicatjon 2) the “behaviour of glass
electrodes. can be explained by the adsorptioh of ions on the surface of the
electrode. We_assume, qualitatively for the present that the action of the
glass electrode is as follows:

~ Let us consider the Corning glass 015 electrode. 4
¢ According to Zachariasen?d) the structure of this glass may be
described as a network of ‘5iO, tetrahedra which are arranged with their
points together in such a way that elosed chains containing varying numbers
of Si-atoms are formed. The interstices in-this network, which must be
‘imagined in‘three dimensions, offer room for the metal ions, for example Na
and Ca. When the surface of the glass is brought into contact with water,
or more especially with acid, Na and Ca dissolve in the water or acid and H
takes their place. Each H-ion brings at least one H,O-inolecule with it, so that
.a swollen, water-containing layer is formed on- the surface.which is free, or
. for the greater part free, of other cations, and consists exclusively of silicic
‘acid. In the case of Corning glass 015, as will appear, this layer must be
relatively thick, and a reservoir of constant H-ion concentration is thus formed.
The electrode must now function as a hydrogen e]ctrode accordxng to
:Nernsts formula R L L ,

E—~I§:Tln-g~ -+ const.

where c, is the cancentration of an jon in the electrode wall and <, that in
~ the solution, as long as ¢, is really constant, This quantity may change when
- ‘H-ions from the active Iayer are for instance replaced by Na-ions from the
-~ solution. This will take place to an .increasing degree with rising py and the

" electrode will assume the character of a mixed electrode. At still higher Pa

-~ when all or almost all of the H-ions are replaced by Na-ions and a reservoir
* of constant’ Na-ion concentration has thu$ been formed, the electrode will .
have become a Na-electrode. The firmer the bond of the H-ions to the glass
.. surface, the higher the p, to which the hydrogen function is retained.
A.'_-'Apparent]y in the case of Cormng glass 015 this bond is very strong —- silicic
+atid is a very. weak ac:d -~ as the electrode behaves as a practically ideal
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hydrogen electrode up to high py values. It is also clear that an alteration in
the proportion of Na, K or Ca in the original glass causes .no fundamental
change in the electrode properties. No matter what- that proportion is, after
the treatment with water or acid a silicic acid surface will always be formed
with approximately the same structure, to which H-ions are firmly bound.
This gives the clectrode the properties of a hydrogen electrode. S
-In this respect the position’ is different in the case of the glass electrades
- which we have investigated. Al,O, is included in the silica skeleton itself and
‘forms more positive spots among the negative Si-atoms. In this' way one
obtains on thec surface a checker-board distribution of negative -and more
positive spots, as a consequence of which the interchange with H-ions becomes
more difficult and can now only take place superficially. In this case therefore
. a considerably less thick layer will be involved in the interchange, less water
- will penetrate into the surface and only relatively few H-ions will‘be found
~ on the active surface. Moreover these few H-ions — and this will determine
the electrode properties — will be much less firmly bound and will be'able to
approach this checker-board surface much less closely than a surface consisting
exclusively of negative Si.spots. The H-ions are thus more easily replaced by '
other cations present ifi the solution, which causes the appedrance of mixed
-, electrode or Na-electrode functions already at a lower py value, - S
Although the number of H-ions which are bound to_ the glass surface does
not determine the electrode function - the quartz electrode, where few
H-ions are involved, behaves as a H-electrode¢) up to a high pg value —
nevertheless the stability of the potential will be promoted ‘by a large number
of ‘ions, thus by 'a well filled reservoir. It is perhaps in this respect that*’
Corning glass 015 is favourably distinguished from other kinds “of glass for .
the construction of hydrogen electrodes, - T
If the above ‘assumptions are correct, our glasses must differ in. three -
respects from Corning glass 015: . LT

1. The hydration must be less. ~ -~ R a
2. The exchange-capacity must be less. o T

3. The bond of the H-ions to glass surface must be weaker, i. é. the
- “dissociation constant” of the “glass acid” must be higher, - L

f
i N .

By means of a simple experiment we have proved the correctness of the.
conclusion mentioned under-1. S Car e AN
Glass of composition 5%} was pulverized, and from the powder the fraction
“ from 100, to 200_p was separated out by means of suitable seives. The same:
~was done with Corning glass 015. 1 g of each kind of glass was now weighed .
~ out in weighing bottles of about the same diameter, 2 em3 of water added and
‘the two bottles were placed open in a. desiccator filled with CaCl,. . Prom time .
“to time the bottles were weighed and the results, shown in. tablez.l'; recorded. -

" From this it may clearly be seen that Corning glass 015 binds the watet-
- considerably more firmly than glass of composition 2.+ .

4 B.v.Lengyel, Z. phys. Chem. A 153,435 (1931): 159, 145 (1933, . oo
5) H. J. C. Tendeloo and A. J. Zwart Voor 5, Cade ALY,
(6% Cab = 149 L0 —10% O — 705 Si0m)." ¥, o6 ot Table-Il p. 535
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Table 1. Hydration determined by drying.
) Composition Il [ Cqmlng qlnss 015

o TR T ~'-—J':-w_..=-:rv—-.r;:-:-. ------- LTI e SRR R T

We. bottle + glass + water. +. .| 441261 g | 592220 g

Wt bottle + glass . . . . . 42.1531 ., i 572722 .,

" | We boule empty. . . .4 L 41.15831.,, . - 56,2722 ., -
After 4 days . . . . . .. 421531 . . | 57.2767 ,, -~
After Sdays .. . . . . . . - 42,1531 ., ] 5¥.2767

W:th respect to the smaller lon»exchange capacity of our kinds of glass ’
- compared with Corning glass 015 — the conclusion stated under 2 — it may
be noted that some information on this point must be obtamable from titration-
curves of suspensions of the powdered giass.
PH :
n o

~ewHCiotN Y2 2 2 e NOHOOI N
. O 25 cm? susp. + 25 em? HO - : AT
ABemd B KA IN ' _ E

F X 25 cmd F B emd RSO 1N ¢ o T e
g Rl g e e

If we take the view that the H-mns which are mitially stored in the hy&rated
laycr of the glass particles — we are first cons:dermg Corning glass 015 —,
do not contribute to, the py of the glass suspension, or do so only to a very
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hrmted extent, then upon the addltion of a neutral salt, for instance KCJ, a
lowering of the py must occur. The K-ions will for some part occupy the
places where originally H-ions were situated, and the latter are thus driven
‘into the solution and there cause a lowermg of the p

The effect will appéar most clearly in the alkailine reglon. In that reglon. due,
to the low H-ion concentration of the external solution, the tendency for the
H-ions on the walf to dissociate will be the strongest. It may be expected that
the effect will not be noticeable in the acnd region. _ X

. l' - . 2 . . :‘ E ﬁ.-v :
BT 6 4 2 o a4 B . SR
e HAOOIN T L NaOH 001N ©
O25:m~"snsp.+25cm’H10 ‘ T |
-8 25 cm? ',. +25:m3KCIlN
X 25 cm’ F 425 tm; K804 1 N -
ST ST Pig?

: On the other hand the glasses m\'esngated by us should not exhibit the
. phenomenon at all or to a much smaller extent, because the numbeg of ions -
taking part in the'process is so much smaﬁzr. SR P &

The " suspensions with ~which _these ‘experiments  were performed were
';’prepared as follows. The glass was’ pulvenzed ‘} first in- a mortar, then :nﬂ'-f

fw,: 8} Prof. Dr. C. ] van Nleuwanbnrg of Delfr was idrd h
: quanﬁty of glass for this purpose for whl:h we are ptad to express o?fg“gmfﬁehéfm?s I;:;g;r

SIS SN . B
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L . Table 11, :
_ Corning glass 015. Conc. of the suspension 29.3 mg/25 cm?.
cm? N2OH 00IN| ~ pH | cm?® HC1 0.01 N pH
L o ) 25 cm? suspension + 25 cm’ water. ) '
0.00 1.25 0.00 7.65
«0.51 - 8.52 : . .50 5.45
1.00 9.18 100 1398
220 i 9.7 2.00 3.52
3.00 i 1007, 3.00 3.30
397 oo 10.300 -~ 4.00 3.16
- 500 i 1047 5.00 3.06
’ 6.00 S 10.62 - 6.00 - 2.97
8.01 i 1082 3.00 2.85
- 1003 H 1094 ' ] 10.00 2775 .
- © - 25 cm?s 25 cm’ KCl I N '
0.00 0.00 " 6,10
0.50 0.50 570
1.00 X 1.00 1.40
2.00 200 3.70
3.00 3.00 ~ kX &
4.00 4.0Q 3.2
5.00 . 500 314 -
6.00 6.00 3.03
8.00 8.00 0 290, .
10.00 - , + 1000 | e 280
) 25 ¢m? suspeasion + 25 em? K;SO4 TN ' .
0.00 P 6.39 © 0.00 620 -
. 0.51 - i 710 . Q.50 5.80
Vo1 L 8.20 - 100 158
S0 912" . 2.00 425
.3.00 ' 961. - ¢ 3.00 402 .
400 P 992 400" 3.84
© 5,00 S1007 500 , 37
' - 6.00 ¢ 10.36 6.00. 3.62
8.00 1065 800 - 348
L 10.09 10.85 - . 10.00 337
. . - - ) ,=’

a ball mill, and allowed to starrd overnight with 0.05 n HCL The following
day it was filtered over cyclostyl paper, which according to the experience
“of our laboratory is an excellent method of ultrafiltration 7), and washed with
. distilled water until the chlorine reaction had disappeared. By the application
. of sedimentation analysis In-A tterberg’s apparatus, a suspension containing

g

" the fraction < 2 u could be isolated from the coarser components, Finally, -

~ after settling, the solid material was rinsed into a measurmg Hask of 250 cm3

.. which was filled to the calibration ‘mark.

7. With suspensions containing larger part:cles (2-—25 p) it is difffcult to
. obtain reproducible results; and fo;'&that reason we. always used the fraction o

. i.< 2 pin our later experiments. _
The p of the suspension was measured with a hydrogen electmdc, which
: '__-_was also done after the addition of mcreasing quantmes of NaOH or HC{

T f) H.J c Tende]oo. Chem.-Wukb!ad 33, 4 (1936)

..iv_
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Tabie M. .. ‘ G
Cornlng glass 015. Conc. of the suspension 689 mgl25 cmd. «
e’ NaOHOOIN|  pH | em HCIOOIN | - pH ,
. "2 cm’ suspension + 25 cm® water, . 7
0.00 6.11 . 0.00 5.90
100 - 8.07 * 1.00 37 .
o200 4 8.91 2.00 3.27-
3.00 9.42 <-3.00 -7 3an
-4.00 9.70 4.00 304
5.00 . 9.94 . 5.00 2.86 .
- 600 1013 - . <+ 600 2.80
- 700 1023 - - 7.00 2737 N
- 8.00 1043 - 800 - . |- ..269 :
. 9.00 053 | - RO
11.00 1071 N R
. 25 em? suspcnslnn + 25 em® KC! 1 N e
000 | . 548 . p00 - 417 :
100 628 M . 360
200 . 675 : 2.00 To333
0. - | 728 300 3.28
400 - -« 805 . 400 . 3 0 -347
500 . 846 . . 500 o296 ¢
6.00 © 8.72 : 6.00 289
, 700 - a0t 7.00 283
" 800 o 927 a . 800 2.78
1000 -} 950 | . A
L1200 - CeBL | e b
- 1800 - - f 1010 g
2000 1056,

In this way a curve can be obtained’ wbnch gives. the re]ahon between the
number ‘of cm3-of NaOH_or HCl added and the py. The same experiment
. can be repeated ' after .a  neutral electrolyte, -for instance KC], has been
- previously added to the suspension. In this way an idea is obtained of the
Mon exchange occurring over & wide py range. - -
'The apparatys with which the measurements were made cons:sted of-a cell.
built up .in the ordinary way. A 100 cm3 beaker con:aming the suspension
. could be closed by means of a.three-holed rubber stopper. The first hole was
fo: the hydrogen electrode, the second for the microburette containing NaOH -
_* 6f HCl and the third for the KCl-agar siphon. The latter was only brought
T mta contact with the suspension for the performance of the measurements in
‘order, as far as possible, to prevent KCl from the siphon from entering the
-, solution to be measured. The other end of the siphon was placed in a container
* ~with a saturated solution of KC] in which-also a saturated calomel electrode
" was placed. The hydrogen, which was passed through, served also to keep the
.. suspension. homogeneous,: although the rate of settling of ‘the particles was
* " already. sligt, due to  their small dimensions.- For the measurements we used
if_': aLautenschliger logometer. In tables 1 to V mclusave some of the_
results obtained in this way are given. .. ' .

: o The va]ues gwen in tables Ii and l\’ are plottqd graphical]y in f:gs. 1 and 2.
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X ' ) N Table IV, )
: Glass compasition 1. Conc. of the suspension 90.9 mg/25 emd
cm?® NaOH 0.01 N pH l em’ HC1 001 N pH
25 cm? suspension + 25 emd water. |
~ 000 g 607 | 0.00 682
0.60 - Py 748 . 050 ! 4.42
100 . .853 f 100 . 380
.50 &8 926 ; 1.50 359
2.00 Loooees | 200 343
’ 3500, ¢ 1003 | 4100 3.13
.00 1025 ; 6.00 - 207
6.00 1053 | . 800 . 280
. 800 1082 © |, 1000 268
10.00 j 10.94 : ‘
25 cm? suspension + 25 em? KC! 1. N . .
000 : 5.84 0.00 5.85
0.50 ) 7.51 0.50 4.24 ‘
) 1:00 a3 . 856 1.00 376
©1.50 : 9.06 "~ 1.50 - 353 .
. 200 93 | 200 341
3,00 977 ) . 3.00 3.22
4.00 - 10.05 4.00 3.10
6.00 1049 600 - 292
B.00 1075, 8.00 2.78
, 1000 109t 7 1000 - 267
5 S0 25 cm? suspension + 25 cm? K3SO, U N .
.00 ; * 645 : 0.00 6.15
. - 0.50 . 774 . 050 5.10
: 1.00 869 - 1.00 451
_ .150. 918 1.50 425
I L 946 - - 200 441
g 300 ¢ 9.83 100 - 391
’ 400 10.15 » 4.00 AT
¢ 600 1057 6.00 3.59
- 8.00 . 1081 . 800 "3.46
1000 . 1096 . 10.00 . 336

. .The following ‘may be noted in connection with these results. It is found
. that in the case of Corning glass 015 in the alkaline region there is actually
” & clear lowering of the py upon the addition of KCI. In the case of suspensions
- of glass_of composition Il this lowering .is not. cbserved. In fig. 2 a slight
" lowering .is visible, but this certainly falls within the &xperimental error, as
-~ indeed may be seen from table V, where a slight rise in py is even measured.
- Purthermore. in comparing figs. 1 and 2 jt must be taken intor accourt that
- ‘the-concentration of the suspension was only 29.3 mg in the first case aad in
. the second case 909 mg/25 cm3. As will be seen from a ‘comparison of
“tables 11 and’ I1I, ‘an increase in the concentration of the suspension strongly
_reinforces the influence of the added electrolyte toward lowering the py. @ .«
. The pg as measured in the suspension without the addition of acid or base
-'is not-very reproducible. because the system is not or only wvery weakly
shuffered, ol i T T s BT e e BT

L ETLI aT e
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- i : ‘ Table V. .
© Glass composition II. Conc. of the suspension 68.1 mg/25 cm?.
cm? NaOH 00I N pH J «m? HCI 001 N .pH
. SR 25 ¢m? suspension + 25 <m? water. . :
'0.00 o 728 | 0.00 [ 152,
- 050 | © 845 K 050 6.64
1.00 ; 901 100 | 1.58
1.50 . ] 930 1.50 i 383
- 200 4 952 - 200 . 3.57
¥ 3.00 ! 9382 3.00. : 329
400 : - 1006 - 4.00 3.10
600 P 1040 | 600 2.91
- 100 - ; 1054 0 8.00 - r 2.78
N 8.00 i 1063 - * oo - 2.66 -
10,00 . ; 10.78 ; Co,
o 25 cm? suspension + 25 ecm3 KCl I N, o
<000 1702 ~ 000 } 7.10
050 8.55 L. 050 ; 6.12 .
1.g0 | - 899 v 1.00 ; 4.45
1,50 928 g _ 150 i, 1.80
2.00 - 953 200 - i . 360 -
300 - 9.88 i 3.00 { o= 330
. 100 . 1014 | 300 | 335
; 5.00 10.56 ; 6.00 : 2.95
8.00 i 10.81 ! «8C0 - . 280
: 1000 - i 1095 £ 1009 SR TR &
U 25 cm? suspension + 25 em® K;SO; I N, o
C L 0.00 S A { 000 | . 698
0.50 . L 842 gs0 - - 621
1,00 8.96 I 1.00 s 54
- 1.50 - 938 : 150 1 . 4.55
-2.00 . .. 962 i 2.00 © 4.3)
4.00 . w1021 { 3.00 - ‘ 4.01
600 . wer L 400 385 .
. 8.00 10.84 " H 6.00 ; 3.60
1000 11.00 | 8.00 ! 347
R oL % 10.00 - 3.36

" As to.the results with K,SO,, as far as the alkaline region is concerned,.
they- may be compared with thpse with KCh Thete is a general tendency to
cause a slightly,smaller decrease in ‘the py, which must probably be ascribed: -

_.to the smaller activity,of the K-ions. -~ . ST R

. +.In" the acid region the situation.is however different. In all the cases

~investigated ap increase in the py is here observed, and it is reasonable fo

",assume here a removal 6f OH-ions, which might be éxchanged by the bivalent .

. SO,-ions to.a larger extent than by the monovalent Cl-ion. In the case of
'KCl also ' small increase in py can in most-cases be observed in this region. -
The ‘explanation of the phenomenon must however be sought in  quite a

- different direction.” It is found that the, increase in py is not connected with

- the presence of suspension material, but that it is also observed in the ordinary

agueous: solution. oo T e e T
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In table VI the results of some measurements are given$).

Apparently the HSO,— must not be considered as completely dissociated,
so that in collaboration with added sulphate buffer action occurs. In the case
gf KCl + HCI also this is apparently the case, although to a much smaller -

egree, ’

. In the case of Corning glass 015 therefore an interchange of H*+ and

K*-ions takes place in the alkaline region and the H-ions liberated cause a

- clear lowering of the py. Without any doubt such an interchange also takes

place somewhere on the curve of the suspension of composition 2, but the

number of ions taking part in th:s process is so small that it is not noticeable
in this way.

The large number of H-ions whxch disappear from the boundary layer in
the case of Corning glass 015 is only a small part of the total, because the
deviations of the H-electrode Function are still very slight. In the case of
composition Il the small mnumber of H-ions not observable in this manner
which disappear from the wall in neutral and alkaline region is apparently

~ such a large percentage of the total that the hydrogen function is, as we shall
see,. entirely destroyed. -

o Tabie VI

Influence of the addition of efectrolyte on the pH of an
aqueons solutlon.

50 ¢m? HzO _ 25 cm? HO+25 em? N2;SO¢ 1 M
- H,50, 0.01 N oH cm? H;S0;0.01 N pH
. 000 400 0.00 437
050 3.79 050" 4.25
1,00 360 100 414
1.50 3.49 1.50 405
© 2,50 3.28 2.50 . a8
350 315 3.50 " 38)
150 . 305 - 450 a7
550" 2.98 5.50 363

The assumptmns which we have made about the exchange capacity of our
‘kinds of glass compared with: Corning glass 015 are thus proved convmclng!y

by the experiments here described.
In the following publication we shall be concerned in detail with the -

 conclusion stated under 3 ancl shall also give a quantitative treatment of the

glass electrode. ' =
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