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By A. Zimin and Nathalie Bach

The existence of stable hydrogen-platinum sols with a nega-
tive charge of the surface and hydrogen ions in the outer sheet of
the double iayer has been proved by Bach and Balaschowal,
These sols are typical acidoid sols, but in contradistinction to
the systems hitherto investigated, they are almost free from
foreign electrolytes. It has been shown by Bach and Rakov?
that their conductivity is mainly due to the mobility of the
particles themselves and to the hydrogen ions of the ionic
atmosphere.

The close relationship between the properties of platinum sols
and those of platinum electrodes has been discussed in detail in
the first papers of this seriesl:2%4, It may be concluded that each
particle of the sol behaves as a minute gas electrode whose properties
are determined by the gas atmosphere.

The object of the present research was a detailed investigation
of the double layer structure at the surface of the sol particles,
The experimental data were obtained from measurements of adsorp-
tion of NaOH and Ba(QH), by means of conductometric titration, from
ultramicroscopic particle counts and from cataphoretic velocity measur-
ements in the presence of varying amounts of alkali. Comparison
of these data with the conductivity of the sols allowed of evalua-

ugag} N. Bach a. N. Balaschowa, Acta Physicochimica URSS, 8, 79

2 N.Bach a A.Rakov, Acta Physicochimica URSS, 7, 85 (1937).

(193;) N. Balaschowa a. N. Bach, Acta Physicochimica URSS, 7, 899

£1n the seque! tliese papers are referred fo as Part I, 1I and IIL
Acta Physicochimica UR.S.S. Vol, XI, No, I, 1




2 A. Zimin a. N. Bach

ting to what extent the ions forming the outer sheet of the double
layer participate in the conductivity of the sol.

Assuming the potential of the zero c]mrwo point to be the same
at the surface of the sol particles and of the platinized platinum
electrode, we could determirie the value of the total potential drop
at the surface of the particles, From this value and the charge
per unit surface the electrokinetic potential was calculated according
to Stern?,

A serious shortcoming of Stern's theory when applied to col-
loida! particles is the assumption that the thickness of the double
layer is small compared to the radius of the particle, A method for
calculating the charge of the diffuse part oi the double layer fer
any radius and for different values of the electrokinetic potenhal
has been given by Miiller®. Comparison of the charge density,
calculated by this method for different particle radii? and our
data for ¢, with the wvalues obtained experimentally, led us to
revise the value of the surface obtained from ultramicroscoric

sounts.
According to the classical theory of electrokinetic phenomena

the cataphoretic velocity differs from zero only in the case ol non-
conducting particles. The experiment shows, however, that in the
majority of cases, metallic sols have cataphoretic - velocities of the
same ordet of ma"mtudc as non-metallic ones. This contradiction
" remains unexplained to the present day. Cunsnicnnf‘ the conducti-
vitv of both the particles and the medium, Henrv?® evolved new
equations for cataphoresis, differing from the classical ones in their
numerical coefiicients. For metallic sols, however, these equations
also give a cataphoretic velocity equal to zero. Neither can the
important improvement introduced by Hermans?® in the cataphore-
sis equations as a result of considering the relaxation effect in the
double layer be applied to conducting particles.
The electrophoresis of metallic sols may be considered in con-
nection with the polarizability of the particles, if we assume that

s 0. 5t rn, Z. Elektrochem., 30, 508 (1924).

& H, Miiller, Kolloidehem. liuh . 26, 271 (1928).

7 WL are indebted to M. I Temkin for the suggestion to apply
Miiller's method.

8 . C. Henry, Proc. Roy. Soc., London, 133, 106 (1931).

9 Hermans, Phil. Mag., (7) 26, 650 {1‘!.58}
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Electrochemistry of Platinum Sols. IV i 3

when the surface is completely polarized the current ceases to flow
through the particle and the latter acts as a non-conductor.

Henry® has shown that, in accordance with the above assump-
tion, the electrokinetic effect on a silver wire in AgNO,-solutions is
close to zero under conditions of minimal polarization.

Platinum sols doubtless belong to metallic sols with polarizable
surfaces, which may explain the high value of their cataphoretic
velocity.

Experimental part

Preparation of H,—Pt sols

The method of preparation was that described in Parts I, I
and III; it was used without any significant change.

Platinum was pulverized in pure water in an atmosphere of
hydrogen in a 50 cycle alternating-current arc at 115—120 V. and
12—15 A. Water was saturated with hydrogen in the apparatus prior
to the arcing, until the conductivity became constant (x=0.15 —
—0.40 x 107 Q"1 cm,—").

All parts of the apparatus in which this investigation was car-
ried out were made of Jena glass. None of the ground joints were
lubricated with grease, all of them being only wetted with pure
water.

Freezing out and titration of the sols

Sols prepared in apparatus / (Fig. 1) were transferred under
a pressure of hydrogen, without contact with the outer atmosphere,
into the apparatus for freezing and titration (/V, Fig. 1) differing
from that described in Part Il only in the presence of the ground
joint (&), which allowed of introducing a micro-burette (///, Fig. 1)
with a narrow capillary end (Fig. 1 4).

The freezing out of the sol and determination of the conduc-
tivity were carried out as described in Part II. After a constant con-
ductivity had been reached, the end of the micro-burette /// was
inserted into the ground joint (8) under continuous passage of hydro-
gen. The volume of the drops was 0.006—0.008 cm®. During the
titration the liquid was stirred by the hydrogen bubbles. The titrated
solutions of NaOH or Ba (OH), were kept in flask // under an atmo-
sphere of hydrogen.

ll-
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Fig. 1.

Measurements of the cataphoretic velocity

of the H,—Pt sols

The cataphoretic velocity (c. v.) of the sol was determined by
the moving boundary method in the apparatus described in Part 111
and shown in Fig. 2 (V/). In our experiments, the specific conduc-
tivity of the supernatant liquid was equal to that of the sol, so that
the velocity of the descending boundary was equal to. that of the
ascending one. :

During the measurement of the c. v., the electric field was
commuted every 15—20 min. The whole measurement lasted from
30 to 80 min,

To measure the c. v. at various points of the curve of conduc-
tometric titration of H,— Pt sols with alkali, separate portions of the
sol were transferred into apparatus V. After the addition of the
amount of alkali corresponding to a given point, the portion of sol
was transferred to part 1 of apparatus V/ where the cataphoretic
velocity was determined.

Apparatus V (Fig.2) for the titration of the sols is a cylindric-
al graduated vessel, 50 cm. in volume, with two sealed smooth
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,ﬁilectrochemistry of Platinum Sols. IV 5

platinum electrodes (E,). The connection of V with the other parts
of the set-up is clear from Fig. 2.

During the measurement of the c. v. of the H ,—Pt sol it was
necessary to maintain an atmosphere of hydrogen in all parts of the
system, since a small amount of oxygen leads to changes in the

state of the surface of the particles and, consequently, in the catae
phoretic velocity (see Part III).

- #

) =
e )
R el LI W ! Lo e,

Fig. 2.

The parts V and VI were kept in a water bath at 25° C = 0.02°C.

The conductivities of the supernatant liquid and sol were equali=
zed by addilion of electrolytes. When measuring the c. v. of the
pure H,—Pt sol the water in the upper part (B) of apparatus V/
was acidified with HCIL. The very slight amount of HCIl contained
in the solution in contact with the sol during the measurement of
the c. v. does not noticeably affect the structure of the double layer;
the addition of KCl, which would have been needed in greater amount
owing to its smaller conductivity, would have led to hydrolytic adsorp-
tion of KOH at the surface of the particles, to an increase in the

. acidity of the liquid and changes in the structure of the double

layer. On the contrary, when measuring the c.v, of the sol reduced
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to minimum conductivity by addition of alkali, the conductivity
of pure water was made equal to that of the sol by addition of KCI.
In this case, the insignificant amount of KCI cannot measurably alter
the structure of the double layer, inasmuch as the H*-ions are
already replaced by Na*-ions. After equalization of the conductivi-
ties, the liquid was transferred through the capillary % from the
upper part B to the graduated part 7, to the side tubes r and the

-end tubes ;. The conductivity of the water was controlled at 25°C

by means of the electrodes E,. Finally, the sol contained in appa-
ratus V was conveyed under pressure of hydrogen through capil-
lary k into Part D of the cataphoresis apparatus sufficiently slowly
to ensure 2 sharp boundary between the sol and the supernatant liquid,
Determination of the conductivity of the I,—Pt sols in /) made
it possible to check once more the equality of the conductivities.
The electrical measurements were made according to Kruytl".

Determination of the average radius
of the colloidal platinum particles

The average radius of the platinum particles, necessary to esti-
mate the number of ii*-ions per unit surface of platinum, was cal-
culated from the number of platinum particles per unit volume of
sol, determined by means of an immersion slit ultramicroscope.

As the H,—Pt sol should not come into contact with the outer
atmosphere, since it readily coagulates when passing from the hydrogen
to the oxygen state, it was protected by electrodialyzed gelatine while
still in the atmosphere of hydrogen and then diluted with pure water.

Results
Relation between the conductivity of the H,—Pt
sol and its concentration
Table 1 gives the conductivity of sols of various concentrations.

Coagulation of H,—Pt sols

by the freezing-out method
To achieve complete coagulation, it was necessary to freeze and
temelt the sol three of four times. The results of the experiments
carried out with sols of various concentrations are given in Table 2.

WH A Kruyt a vander Willingen, Koll. Z., 44, 22 (1928).
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i = Table 1
,{ o Conductivity of Hy — Pt sols w;ti ;ggréaslng concentration of platinum;
W .Y
2l 2| om0 ] (e i 108
e 1 - (mgr./litre) @=! ¢m.—1) (E_lcm.—l)
3 154
? - 100 0.82 0.82
4 ' 195 1.60 0.82
e 215 1.68 0.78
3 e 290 2.33 0.81
B AE 315 : 2.51 0.80
R i oot 400 3.24 0.81
g 405 321 0.79
- Kl 3 445 3.55 0.80
? iq ! 460 3.69 0.60
e
‘ ~n ) Average . . . 0.82
g <%
| ad =
i e Table 2
4 i The change in the conductivity of the H,— Pt sol upon coagulation
T ! . by freezing; #=25°C
% -1 Concentration of sol | (Xsol — xpy,5) X 168 | (xtiq.* —%p,0) X 109 Percentage decrease
; / (mgr-flitre) (@—1 ¢p=1) @1 cm.~1) in conductivity
i 1; ' 195 1.60 0.46 71
e 240 1.93 0.48 75
e 290 2.33 0.48 84
N 400 3.4 0.80 75
1 : 408 3.38 0.80 76
g7 '1 - o Average . . . 760,
e
] .

For control, pure water was frozen under the same conditions

B as the sol. The conductivity of the water before freezing was
i “'-'j :
25
e 7
__:*3 d :
s O
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0.31x107% 071 cm. ™! at 25°C; after freezing and remelting twice,
it became 0.37%10—%Q—! ¢m.—}; so that the change of conducti-
vity does not exceed experimental errors,-

In Fig. 3 the results given in Tables 1
w1 and 2 are shown graphically.

Titration of the H,—Pt sol
with NaOH solution before
and after freezing

About thirty conductometric titrations
with a 43 10—3N NaOH soluticn were
carried out with sols of various concent-
rations. Fig, 4 shows typical curves for
the titration of sols of increasing platinum
concentration: ]

Lt
-

i atl T ST LA ) M i
mal f Lilre Neltxo® molflitre NaQH =10

B il L ;..l AT L
(=3

Fig. 4. Fig, 8,
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! " i v v

100 mgr./l. 200 mgr./l. 240 mgr/l. 405 mgr./l. 445 mgr./l.
The abscissae give the amounts of NaOH in micro-equivalents
added to 1 litre of sol; the ordinates —the conductivities at the
corresponding points. !
In order to estimate the electrolytes remaining in the solution

it was necessary to titrate not only the sol but also the liquid
obtained after coagula-

tion by ireezing. The  x10°
curves, cofresponding
to sols /1, [, I,
1V, V are shown in
Fig. 5.

Titration of the
H,—Pt sol with
Ba(OH), before and
after freezing

It is known that
in a number of cases | .
the amounts of NaOH i 20 L w
and BH(OH)_, necessary gr-m}'ufv.«’!iﬁ."e'mr.‘?qfﬁ.“.."q
to reach the minimum
of conductivity of aci- -
doid sols are not equivalent. In particular, this was observed by
Pennycuick®™, Pauli and Baczewskil® on titration of pla-
tinum sols, by Pauli and Palmrich'® on titration of purified
sols of gum arabic. In order to examine the behaviour of the
Hg— Pt sol in that respect, we carried out about 20 titrations of
the sol with a solution of Ba(OH),. Fig. 6 shows the titration cur-
ves of sols ///, {1V and V with a 4X10—3 N solution of Ba(OH),.

The titration with Ba(OH), of the liquid obtained after coagu=
lation by freezing does not differ from the titration with NaOH.

1 i

Fig. 6.

1S W.Pennycuick, J. Chem. Soc., London, 1928, 2108; J. Am.
Chem. Soc., 52, 4621 (1930).

12W. Pauliu. Baczewski, Monatshefte Chem., 60, 204 (1936).

13W. Pauliu Palmrich, Koll. Z., 79, 64 (1937).
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Determination of the cataphoretic velocity
of H,—Pt sols at various points of the conducto- |
metric titration curve

Our measurements have shown that the electrophoretic velo-
city does not depend upon the concentration of the sol within
100—460 mgr,/litre and is equal to 5 w/sec. per V/em. for pure
sols'. Table 3 gives the c. v. of H, —Pt sols of various concen-
trations after the addition of a quantity of NaOH corresponding to
the wminimum of conductivity.

Table 3
f=202
(;:_nc_.annliou of sol R 106 i g _"];;_“'I " .:._ R -_‘-H—-
(mgr.fiilre) %501 X 108 *sup. lig. X I wisec. per Viem. mV
l.. —— - e yy——
112 093 | 1.01 ‘ 6.7 125
115 .09 ! 0.98 6.7 125
460 1.83 2,00 6.7 125

The 7-potential was calculated by the relation:

v fimqu
TR
Table 4
t=2°C
Coneentration of sol | X1 X 106 x o X 108 ] o
(mgr. litre Pr.) sol sup. lig. w'sec. per Viem. mV
—_— _[ e - —
: L1 0.80 0.7 ; 3.3 \ 63
| 460 1.33 1.53 S Pgied-3 63
5 460 1.39 160 3.5 ‘ 63
i i

1 The particles of the Hg — Pt sol move towards the anode, so that both
cataphoretic velocity and {-potential should be noted with a negative sign.
However, as we consider throughout this paper only this onc type of sol, the
negative sign has been omitted for convenience, it being understood that all
the values ot u, { and & are negative.
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g

The coefficient was taken equal to 6 and not 4, since we are
dealing here with particles whose dimensions are small in compa-
rison with the thickness of the double layer?.

The c. v. at the minimum of conductivity of H,—Pt sols
titrated with Ba(OH), is lower than the c. v. of the initial sol, as

can be seen from Table 4. '

xr10®

L1

syl el LAl e il el ¥

: L .
LA Lty o SR
.

]

- O Mo 3 9 s 75 . 154
i 4 i qr equiu flitre 217

Fig. 7.

During wne measuremnet of the c. v. of the initial H,—Pt sol,
lne boundary moving towards the positive pole became sharpern
g whilst the boundary moving from the negative pole became more
A diffuse. In the case of H, — Pt sols reduced to minimum conducti-
/- vity by addition of alkali, the picture is reversed,

The course of the relation between the c. v. and the addition
of alkali is shown in Fig. 7 which, for comparison, also gives the
curves of conductometric titration with NaOH and Ba(OH),.

i i e e ket

vl 15 A

Determination of the average radius
of the particles

The count of the platinum particles by means of the immersion
slit ultramicroscope im an optically limited volume of liquid
(8.79 X 10™° cm.%) was made after the H,—Pt sol had been pro-
tected from coagulation by gelatin. The amount of gelatin added
was 0.05 gr.[litre for a sol of 120 mgr.[litre Pt and 0.20 gr.[litre
for 480 mgr./litre Pt. Thesresults are given in Table 5.

i 15P. Debye a. E. Hiickel, Physik. Z., 25, 49, 204 (1924). D. C.
- Henry, L c.5.
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Table 5
Concentration of sol Dilution of the so1 Average nuaiber f\k‘i-'i'?fal!.@r Total arear of
b b A f : ra rticles
T for the counting | of particles particics | 100 mar.fiitee Pt
: " of particles in 8,79% 10— ¢m.3 H (em.2) |

120 524 [ 0.67 i 9300 !
480 4000 0.40 15.1 I 9 300 |
480 2670 0.53 15.2%: i 9 300
480 2000 I 1.53 13.4. | 10 500

Rav=147 n, Say=—=9600cm?2,

Calculation of the charge density according
to Stern and Miiller

We used Stern’s equation in the form
Fr MG G

K(e—Y)==3FCe™ 4 ¢®F ]/ BRT (1)
for calculating the {-potential and the density of the chargs. This simipli-
fied form is applicable in the absence of specific adsorption, at low
concentrations of electrolytes and at hizh values of Z, which corresponds
to our experimental data. The actual value of 7 was determined
“from equation (1) by the method of successive approximations.

For this calculations it is necessary to kunow the total poten-
tial difference and the capacity of the doublc layer. Assuming these
values to be the same at the suriace of the colloidal platinum
particles and on platinized platinum electrodes, o and & can be
taken, as will be seen further, equal to 0.810V and 20 u.F respec-
tively; further, 3=3 % 1078 cm. is the thickncss of the Helmholz
part of the double layer; R==8.32 X 107 ergs; N =280; F=2.94 X
X 10" e, s, u, T=291" and C==10"% moles per cm.” 1%

Substituting these values, we obtain Z=300mV,, whereas
the highest value for { as calculated from our values of the cata-
phoretic velocity was equal to 125 mV.

16 There is some uncertainty in the choeice of the value for €, since
we do not know exactly what foreign electrolytes determine the conductivity
of the sol minus that of the colloid itscli. Considering the value of the con-
ductivity at its minimum, € may be taken equal to 105, This is confirmed
by the fact that addition of univalent jons in such an amount does not appre-
ciably aftect the structure of the double layer.
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Substitution of {==300 mV. and of the values for 3, R, F, C, T
in the expressions: Fr

n =3FCe ™, | )

i mr ]/ DR T : 3)

gives the density of the charge of the Helmholz part of the double

layer m;==14000 e. s. u, and the density of the charge of the

diffuse part n,=22000 e. s. u., whence the total density of the

: charge w; —+4-7,==n,=36000 e. s. u. Substituting in the expres-
SR sions (2) and (3) 126 mV. for {, we obtain m;=13 e, s, u.

© and 7m,=675 e. s. u, or n,=688 e. 5. U,

: It has already been mentioned that Stern’s equation could
S not be expected to give satisfactory results, since it does not

0 KL ROF PP R, SN T &

v
ot n e

T

o
. L AR .
ek Al e SO,

consider the curvature of the particles.
g We calculated the relation between the density of the charge
. and the curvature by means of Milller's method of integral curves,
y - U ' according to which the density of the charge ¢ of the diffuse part
% i of the double layer is given by the equation:
A5 : _ DT o (dy\.
: =T Yo (?y—)o ®
-. : A
o] : In this expression Z""'R_E[" and y=rzi R is the radius of

7 the particle, A= B e s i is the known measure of the thick-
: dms2 v Xeg

ness of the double layer.
The values for the density of the charge calculated for various
radii at {==100 mV. and {=125 mV. are given in Table 6

Table 6

e L

EX 107 cm o e 8 U RY 107 cm ge s U

12700
6100

1700 1
1 400 1
450 | 2

&wm-«m.—-
Wit
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; The variation of the charge density with the radius of the part-
icles is shown in Fig. 8, where curve / corresponds to y =4
(=100 mV.) and curve // to y=>5 ({==125 mV.),

€ 6SE ,
zﬂ»r.j ) I'
1507 : ;

10 10°
S
go§F 8 8B, 8888
Rai0%cm
Fig. B.
Discussion

The data given in Tables 1 and 2 and Fig. 3 confirm the
view-point expressed by Bach and Rakov? that the conductivity
of the colloid, due to the mobility of the H*-ions of the
double layer and to the mobility of the Pt-particles bearing a nega-
tive charge, constitutes the main part of the conductivily of the sol.
In this respect our H,—Pt sols differ from the platinum sols
described earlier by Beans and Eastlack!, Pennycuick®
Pauli and Shield! and Pauli and Baczewskil? since
the conductivity of the latter is mostly due to the presence of
foreign electrolytes.

Titration with NaOH of the liquid obtained after freczing out
the H,—Pt sol (Fig. 5) shows that it has acid properties. This
may be due partly to incomplete coagulation of the sol (golden
opalescence of the liquid) and partly to ‘the presence of acid electrolytes-

The characteristic course of the curves for the titration of H, —
Pt sols by NaOH (Fig. 4) may bhe attributed to the fact that not
all the H*-ions of the outer sheet are linked to the surface with
the same strength. Part of the Hw-ions are easily replaced by
Na*-jons; the sol titrates to minimum conductivity practically as
a strong acid, as seen when comparing with the titralion curve of

17" H. T. Beans a. H. E: Eastlack, J. Am. Chem. Soc,, 372667 {1915}

S, W.Pennycuick, J. Chem. Soc., London, 1927, 2
W, Paulia. Schield, Koll. Z., 72, 165 (1935).
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H,SO, at the same concentration (curve V/ Fig. 4). The bond between the

H+*-ions and the surface is purely electrostatic. The behaviour of

the other part of the H%*-ioms, which are substituted only in pre-

sence of an excess of NaOH, leads to the assumption that therd
= must be a certain specific adsorption of H*-ions. The participation
of the H*-ions of the double layer in the conductivity of the sol

{ is different according to the various degrees of their linkage, For

the sake. of simplification it may, however, be assumed that one

part of the ions have normal mobility whilst the other part do
{ not play any rdle in the conductivity.

- i As the H*-ions are replaced by Na*-ions the potential of the:
gas electrode, i. e., of each platinum particle, becomes more nega-
tive so that more H*-ions are sent into the solution. The form of

z the conductometric titration curve with NaOH solution is typical not
only for H,— Pt sols,but also for other pure acidoid sols such as
hydroxyplatinum sols'?, silver iodide sols*® and hydrophilic sols of gum
arabic. In a recent paper, de Bruyn and Overbeek?® assume
that this form of the! curve is due, in the case of Agl, to the pre-- 2

“ ‘| sence of foreign ions, e. g., Zn** and Cu*, accumulating in the
sol during the electrodecantation. Since we did not apply electro-
decantation for the preparation of our H,—Pt sols, this explana-:

! tion cannot hold in all cases, and we consider that this characte-
ristic form of the titration curve is actually due to the structure of
/ the double layer in pure acidoid systems.

’ The form of the titration curve of H,— Pt sols with Ba(OH),.
(Fig. 6) differs considerably from that with NaOH. The initial slow
decrease in the conductivity corresponds to the substitution of
Ba++.ions for H*-ions in the deeper parts of the outer sheet of the
double layer, Ba**-ions coming closer to the surface than Na‘-:
ons owing to their higher charge. Upon further addition of Ba(OH),,

3 ' Ht-ions taking greater part in the conductivity are replaced. The

diffuse minimum is characteristic not only for H,—Pt sols, but for

other acidoid sols as well, even non-metallic?3.
A comparison of the conductance titration curves of NaOH and

Ba(OH), allows of evaluating the number of ‘H+-ions corresponding”

to the surface charge. '
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20 H. de Bruyn a. Th. G. Overbeek, Koll. Z., 84, 186 (1938).
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Titration curves of the same sol (400 mgr./litre) with NaOH
and Ba(OH), are compared in Fig. 9. If all the H*-jons had been
replaced by Na'-ions at the point L of curve /, the rise of the
conductivity would be linear from that point onwards. Actually

this rapid rise begins only after
x10° N'. An amount of NaOH cor-
s/ / responding to NN'=LL' is

"ll“ 3;,]!-3;?} necessary in addition to OM
L Q.:gb’ \9%’/ for the replacement of all the
X g Fe N H*-ions of the double layer by
% WA Na*-ions. The total charge of
:’\\ A ‘:," the surface is given by OM/,
RN S and the excess M'P of NaOH
N, (o necessary to achieve the substi-

tution of all the H*-ions is equal
to 6.6 X 107° gr. equiv./litre of
NaOH for this sol. This concen-

1
[
1
]

s LM = M ;J‘“ tration of [ree alkali corresponds
J 0 Ji v
grequin /lilre o1 to pH=—=8.8.
The abscissa of L' is in
Fig. 9. good agreement with the abscissa

of the minimum of the Ba(OH),
titration curve. The total surface charge is equal to 6 X 1078 gr,
equiv. or 1,73 X 10% e. s. u. for every 100 mgr. of Pt in one litre
of sol,

It can be seen from Fig. 7 that the rapid change of the cata-
phoretic velocity and its passage through a maximum corresponds
to the substitution of Nat-ions for H*-ions, i. e., to a significant
change of the double layer structure.

The question whether the maximum of c. v. at low concentra-
tions of electrolytes is related to a maximum of the {-potential is
still unsetiled. Bickermann® and Hermans® have shown
that the relaxation effect in the difiuse double layer can give rise
to a maximum of c. v. even when the variation of { is monotone.
It seems to us, however, that in the case of H,—Pt sols, it is

21 J. J, Bickermann, Z physik. Chem,, 171, 209 (1934).
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more natural to assume that the change of the structure of the double
layer due to the substitution of Na*-ions for H*-ions is accompa-
nied by a rise of the {-potential. When all the H*-ions are replaced,
further addition of NaOH leads only to a compression of the double
layer, which is accompanied by a slow decrease in the potential.
When Ba(OH), is added lo the sol, the cataphoretic velocity
does not vary at first (curve //, Fig. 9). This confirms that the
25 first portions of Ba**-ions displace only the H*-ions from the
T o - deeper parts of the double layer, without notable alteration of
Ll : the diffuse part, as already concluded from the course of the con-
ductivity curve. Upon substitution of H*-ions from the diffuse part, :
the c. v. falls. The behaviour of the sol in presence of Ba(OH), '
is thus completely explained by consideration of the structure ot
7 the double layer with bivalent cations in the outer sheet.
A ; As has already been mentioned, the charge of the total surface
i of the particles in 1 litre of sol containing 100 mgr. of platinum
g per litre is 1.73 % 10° e, s. u. With a surface equal to 9600 cm.®
7 ‘J (Table 5), the charge per unit surface is equal to 1.8 X 10° e.s. u.
o 4 2 The study of the absorption of alkali on platinized platinum
A ) electrodes in relation to the potential of the electrode** has shown

¢
O L LS PP D, P WL A

By A

that the point of zero charge of the Hy-platinum electrode is +-0.3 V,
' as referred to the mormal hydrogen potential. Knowing the position
of the zero charge point we can determine, for any concentration
of H*-ions, the total p. d.in the double layer. In-the case of
our H,— Pt sols, the charge density 1.8 X 10° e. s. u, corresponds
to a pH value of 8.8, whence the total p. d. ©=10.058 X 8.8 +
+0.3=0.81V.

Measurements on mercury %, lead 2t and smooth platinum * show
that the capacity of the pure surface of these metals is abuut
18—20 pF. For our calculations, we took the capacity of the sir-
face of platinum equal to 20 pF. In 1 N solution to which these
measurements refer, the corresponding charge of the surface is
equal to 20 pF % 0.81 V.==1.62 X 107® coulombs=4.86 X 10*

L

iy

22 Unpublished data by A. Platonov, sce A, Frumkin a. élygln,

Acta Physicochimica URSS, 5, 819 (1936).
23T Borissowa a. M. Proskurnin, Acta Physicochimica URSS,

4,819 (1936). :
24 B Kabanov a.S.Joffa, Acta Physicochimica URSS, 10,317 (1939).

2 Unpublished data by P. Dolin (Karpov Institute) .
Acta Physicochimica U.R.5.5. Vol. XI. No. 1,
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e, s. u. The surface charge is lower in dilute solutions owing to
the capacity being smaller because the double layer is more difiuse.
The value of the charge may in this case be determined by
Stern’s equation. It is equal to the potential drop 9——_{ in the
Helmholtz part of the double layer multiplied by its capacity
which may be taken equal to the capacity in a concentrated solu-
tion. The value for the {-potential calculated from our data accord-
ing to Stern is 300 mV,, whence

n=20 X 107%0.81—0.3) =1.04 X 107" coulombs =
=3.06 x 10! e. s. u.

This value is 5, 9 times smaller than the charge per unit sur-
face determined on colloidal platinum particles.

All the known properties of platinum sols lead to the conclu-
sion that there is no difference between the behaviour of the sur-
face of platinum sol particles and that of platinized platinum elec-
trodes. The charge density can be determined from the capacity of
the platinum electrode with much greater accuracy then from the
ultramicroscopic count of =ol particles; in the latter case all the
experimental errors lead to a diminished value of the surface, i. e., to an
exaggerated value for the charge per unit surface. Assuming the latter to
be 30600 e. s. u. on the surface of the particles of H, — Pt sols,
we can calculate the corresponding radius; R is found to be 2.5 pu.
This value may be compared to that which we obtained according
to Miiller from the density of the charge in the diffuse double layer,
using our experimental data on the conductivity of the sol at various
points of the titration curve and the corresponding values for Z.

Assuming that the conductivity of the sol, less the initial~
conductivity of the water, is due only to the presence of the pla-
tinum particles and the H%*-ions of the double laver, and that the
latter possess normal mobility, the concentration C of H'*-ions in
the ionic atmosphere may be calculated using the equation:

Hpol — RH 0= (.F( V]Ib —+ “]'t}.
where Vy+ is the mobility of the H*-ions and wp,— the catapho-
retic mobility of the particles.

At 25°C, %500 —2H,0=0.8 X 10790 cm.™? for a sol contain-
ing 100 mgr.[litre, Vy;+==36.2 pfsec. per V.Jcm, up,=5.0 p/sec.
per V.[em., whence C=2.0 X 0.107¢ gr, equiv./litre, i. e., it may be
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considered that one third of the H®-ions corresponding to the
total charge of the surface, and one half of those corresponding to the
minimum of the curve for conductance titration, participate with
normal mobility in the conductivity of the sol. In the platinum
sols studied by Pauli and Pennycuick, there is no noticeable
divergence between the number of H*-ions calculated from" the
conductivity and that found by titration. This comes probably from
the conductivity of these sols being chiefly due to the presence of
foreign electrolytes. S

If it be assumed that only the ions of the diffuse part of the
double layer participate in the conductivity, then the charge of the
diffuse part corresponding to unit surface must be 10200 e. s. u.
According to Miiller this charge density would conform at
[=100 mV. (see Table 6 and Fig. 8) to a radius of 2.5 py. Cal-
culating in the same manner the concentration of Na*-ions cor-
responding to the conductivity at the minimum of the titration curve,
we obtain for 100 mgr./litre C=2.7 X 107° gr. equiv.[litre, i. e.,
only 45°, of the Na*-ions necessary for complete replacement of
H+-ions participate in the conductivity with normal mobility.

The charge density falling upon the diffuse part would therefore
be 13770 e. s. u. According to Miiller this charge density at
{=125mV. corresponds to a radius of 2.0 pu. Thus the value
for the radius of the particles calculated according to Miiller for
various {-potentials and charge densities is close to that calcu-
lated from the capacity of the platinized platinum electrode. This
confirms that the radius of the particles as determined from ultra-
microscopic counts is markedly larger than the actual value %6,

This more detailed investigation of the structure of the double
layer at the surface of colloidal platinum particles has thus allowed
of bridging the discrepancy which existed up to the present
between the charge of the particles calculated from electrokinetic
characteristics of sols and that obtained from conductivity data.

We wish to express our sincere gratitude to Prof. A. Frumkin
for the valuable advice he has given us in the course of this work.

26 The determination of the radius of the particles which is now being
carried out by a somewhat modified method leads to values for the charge
density which ‘are much closer to the results obtained from the capacity. The
results will be published shortly.

s
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Summary

1. The conductivity of H,— Pt sols is due for the greater part
to the conductivity of the colloid itself and is proportional to the
platinum content of the sol.

2. The H,—Pt sol is a genuine acidoid sol in which every
particle of platinum behaves as a hydrogen gas electrode.

3. The conductance titration curves of the H, — Pt sols with
NaOH and Ba(OH), solutions differ in form; this corresponds to

- differences in the structure of the double layer in the case of uni-
and bi-valent cations. The tota!l surface charge of the particles in 1 litre
of sol with a platinum content of 100 mgr./litre is equal to 6 % 10~ gr.
equiv. or 1.73 X 10° e. s. u. When H*-ions are being replaced
by Na‘-ions, complete replacement takes place at pH=28.8.

4. The cataphoretic velocity of the H, —Pt sols does not
depend upon their concentration, and for the pure sols equals
5.0 p/sec. per V.Jcm. (=100 mV.). The maximum c. v. corresponds
to the conductivity minimum of the NaOH titration curve and
€quals 6.7 pfsec. per V.fem. (7=125 mV.). At the conductivity
minimum of the Ba(OH), titration curve the c. v. is equal to
3.4 p/sec. per V.fem. (=64 mV.).

5. The concentration of H*-jons calculated from the conducti-
vity of the initial sol, assuming that the ions possess normal mobi-
lity, is equal to 1/, of the total number of *-ions that can be
replaced by Na*. The concentration of the Na*-jons calculated
from the conductivity at the minimum of the titration curve
equals 45°/, of all the Na*iions substituted for H*-ions.

6. The average radius of the platinum particles determined
from the ultramicroscopic count of the particles is equal to 14.7 138

7. The charge density calculated from the particle radius 14 pu.
and the fotal charge 1.73 X10% e, s. u. is equal to 1.8 x 10°
€. s. u. per cm? whilst the charge density calculated using the
zero charge point as determined from adsorption data on platinized
platinum electrodes, is equal to 3.1 X 10* e. s, u.

8. The radius of 2.5 vy calculated form the data on adsorp-
tion is in good agreement with that calculated according to Miller
from the experimental value of £ (100 mV. and 125 mV.) and the
aumber of fons participating in the conductivity,

The Karpov Institute of Physical Chemistry, Received
Moscow. April 27, 1939.
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