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Chemical Properties of Hydrogen

At room temperatﬁre hydrogen displays little activity

if it is in the molecular state, but in the nascent state its ac-

tivity is considerably increased,

At high temperatures the activity of molecular hydrogen in=-
creases, Hydrogen has the property of being absqrbed by metalse
The amount of hydrogen absorbed depends to a large exbent upon the
specific surface of the metal. The largest amount of hydrogen is
being absorbed by palladium which not only adsorbs but also dis-
solves hydrogen, The solubility of hydrogen is connected with
its property of permeating through red hot iron, platinum and
even more readily through palladium, which it permeates readily
even at 2L0 degrees. Hydrogen permeates through rubber but not

through glasse.

Hydrogen combines very readily with metalloids, It come
bines most readily with fluorine, Even liquid hydrogen and solid
fluorine combine explosively, With chlorine the reaction takes
place explosively only under the action of light of short wave

length or at a high temperature,

A mixture of two volumes of hydrogen and one volume of
oxygen is known as detonating gas. The reaction begins to an
appreciable extent at 180 degrees and is rapidly accelerated on
further heating. The reaction velocity can be greatly influenced
by the catalytic action of the container material and the amount
of water vapor present in the gases. Under the action of a flame,

spark or high temperature, detonating gas explodes; however, dry

/
I
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detonating gas does not explode even at 960 degrees., Slow pressure

increase even up to 150 atmospheres does not cause explosion, but
the presence of a catalyst, for example}platinum black, may be the

cause of an explosion, Other catalysts promote explosion only on

heating,

Mixtures at other proportions are also explosion hazards.

The lower limit of explosibility of a hydrogen-oxygen mixture

corresponds to a content (by volume) of 5 percent Ho and 95 percent

0pe The upper limit corresponds to 9k.3 percent H, and 5.7 percent

0p, Mixtures of hydrogen with air also constitute explosion hazards,

The lower limit of explosibility corresponds to the proportions of

b
]
i
i

5 percent H, and 95 percent air, the upper limit to 73.5 percent

2
Hy and 26,5 percent air,

Hydrogen can combine with various organic substances in the

presence of catalysts -- nickel, platinum, palladium, In this

manner liquid vegetable oils can be converted into solids., This

process is called hydrogenation, On reactions wherein hydrogen

combines with carbon monoxide are based the production of methyl

alcohol (methanol) and of liquid fuel,

2. Processes Taking Place at the Electrodes in Electrolysis

of Water

| Pure distilled water has an electroconductivity of from
1.1076 to 2,107 ohm™ x em™; that is 1 cubic millimeter of such

water has a resistance equal to,that of a‘copper wire having a

cross section equal to 1 miilimgter"square,fAnd 200-400 thousand

kilometersfloﬁg,' Due tbgsﬁqh a lop’éleétr cal conductivity, pure
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water is not convenient for use in electrolysis. But water, acidi-
fied or containing dissolved salts or hydroxides of alkali metals,
is a good conductor of electrical current, and when insoluble elec~
trodes are used, for example electrodes made of platinum, there is
observed a decomposition of the water with evolution of oxygen on

the anode and of hydrogen on the cathode,

On electrolysis of water, acidified, for instance with sul-
furic acid, evolution of hydrogen on the cathode is the result of
a primary process, that is, of difect discharge of hydrogen ions

in accordance with the reaction:

2H+ 2e = H2

insofar as no other positive ions are present in the solutione

Evolution of oxygen on the anode can be the result of two
. N : ' 2m . .
processes, namely: primary discharge of S0),“" ions according to
the reaction:

30°" = 2 =30

and a secondary reaction of the 50), radical with water, to give

oxygen and sulfuric acid:

SO + H,0 = HpS0, + 1 0
in 2 2] 3 o

On it can be the result of a primary discharge of hydroxyl ions
with formation. of water and evolution of oxygen, according to the

reaction:

20 - 2e = Ho0 +
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On electrolysis of waler containing in solution an alkali,
for example, caustic soda, on the other hand, evolution of hydro-
gen at the cathode could be, in principle, the effect either of a
discharge of the Na+ ion and the reaction of the neutral sodium ion
with water to give caustic soda and hydrogen, in accordance with the
equations:

Na+ + e = Na

Na + Hy0 = NaOH H

+
ol

or of primary discharge of hydrogen ions formed on dissociation of

water.

Anodic evolution of oxygen from an alkaline electrolyte is
only possible as a result of the primary process of discharge of
OH™ ions, since in the alkaline solution there are absent any other

ions,

Previously it was believed that in electrolysis of an
alkaline electrolyte the cathodic evolution of hydrogen is a
secondary process, that is, primarily the Na+ ion is discharged.
However this does not correspond to actual facts, and cannot be
attained if the electrolysis of water is conducted in accordance
with the practice of using as a cathode not mercury but a solid

metal,

Hydrogen is generated at the cathode, from an acidic as
well as from an alkaline solution, as a result Qf a primary process,
This can bg readiiy‘shown, using the equation of Nernst to effect
thevcalculatioﬁé}  RéYérse potential of hydroéen evolution from

a neutral so tion i .féund,tq be équal to =0.l15 volts, Tn order
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to make possible separation from £he neutral solution of ions of
Na+, the normal potential of which is equal to -2,71 volts, it is
necessary that the more electronegative potential of Na+ ions
separation approximates the value of the potential of H+ ions
separation, Theoretically this can be attained if the concen=
tration of sodium ions in the solution is increased to such an
extent that the value of the potential of Na+ ions separation is
equal to -0,L15 volts, On using x to denote the concentration

of Na+ ions in the equation of Nernst we have
-0,115 = =2,71 + 0,058 1lg x (1)

wherefrom

x =3 x 1037

The figure thus obtained indicates a totally unreal con-
centration. Even on taking into account that evolution of hydro-
gen from the alkaline solution occurs at a more negative potential
and in addition that a certain overvoltage exists, still computa-
tion shows that in such a case separation of sodium does not take

place, and only discharge of hydrogen ions occurs,

Anodic evolution of oxygen from an acid solution was also
considered as being a secondary process. However, this assumption
also apparently does not correspond to the actual facts. In spite
of the low concentration of OH- ions in acid solution, under con-
ditions of not too high a current density, OH™ ions are discharged
first, This follows from measurements of decomposition voltages
of various acids and bases; Tt was found that decomposition volte

age of normal solutions of various acidsyand bases on smooth
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platinum electrodes has 2 value of about 1.7 volts,

Results of the measurements are given in Table 2l

Table 21
Decomposition voltage of normal solutions of acids and bases on smooth

platinum electrodes

M”W

! Decomposition Decomposition
.3  1 voltage; voltages
?. V t Ssubstance in solution volts Substance in solution volts
4 T
i sulfuric acid 1.67 Caustic potash 167
£ Nitric acid 1.69 Ammonium hydroxide 1.7h
Phosphoric acid 1.70 Methylammonium hydroxide
Dichloro-acetic acid 1.66 (0,125N) 1.75
Malonic acid 1,69 Dimethylammonium
Chloric acid 1.65 hydroxide (045N 1,68
Tartaric acid 1.62 Tetrame thylammonium
caustic soda 1,69 hydroxide (0.125N) 1Tk

Close coincidence of decomposition voltages of acids and
bases, and the fact that it does not depend on the nature of the
acid and base, lead to belief that in all instances the same
process takes place on the electrodess Otherwise one would expect

i that decomposition voltage of the acid, or base, would depend upon
the nature of the acid anion or base cation, The only process on
the anode which can be common to the dgifferent acids and bases is

B the discharge of‘OH' ions with separation of oxygene
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Decomposition voltage of normal solutions of hydrogen halide
acids was found to be less than 1.7 volts, namely: hydrochloric
acid 1.31 volts; hydrobromic acid 0,9l volts; hydriodic acid 0,52

volts.

However in this instance there is liberated on the anode
not oxygen but halogen. Hence decomposition of water does not
take place. If electrolysis is conducted using hydrochloric acid
diluted to a concentration of 1/32 N, the decomposition potential

increases to 1l.69 volts and evolution of oxygen begins at the anode,

Tt is apparent that the potential of Cl= ion discharge in a
normal solution of hydrochloric acid is lower than that of OH™ ion
discharge; because of this, electrolysis of water does not take
place, In more dilute solutions of-hydrochloric acid reverse cor-
relation of discharge potentiais, of ions OH- and C1~, obtains,
The chlorine ion is discharged at a higher potential, and de-
composition voltage of the dilute acid, to give chlorine and
hydrogen, should be higher than 1.69 volts; hence, as soon as the
voltage reaches this value there occurs evolution of oxygen on

the anode,

Thus on electrolysis of acidic, or alkaline, electrolyte
with platinum electrodes at not too high current density, evo-
lution of hydrogen on the cathode and of oxygen on the anode

constitute primary processes.

Electrolysis of water takes place according to the

following equations:
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on the cathode:

+ =
2H+ 2e H2

Oon the anode:
20H" =2e = H,0 +1 O
2 2

From this it is readily apparent that while two moles of
water are being decomposed, on the anode there takes place simul-
taneously the formation of one mole of water. As a result of this,
on prolonged electrolysis the electrolyte in the vicinity of the
anode is depleted of acid or alkali, while near the cathode the
amount of acid or alkali increases, In an alkaline solution de-
crease of alkali near the anode also promotes current transfer.
by alkali metal cations from anode to cathode., Due to difference
in concentrations there arises concentration polarization, which
could be of considerable magnitude at large differences of con=-
centration. However the diffusion process has the opposite
effect =-- that of equalizing the concentrations. Therefore a
stable condition is reached after which the difference in con-

centrations does not increase,

According to Faraday's law 26,8 ampere hours liberate at
0 degree and 760 millimeters pressure, 11,2 liters of hydrogen
and 5.6 liters of oxygen. One cubic meter of hydrogen and 0.5
cubic meters of oxygen require, in theory, the expenditure of

2383,8 ampere hourse

3, Theoretical Voltage of Water Decomposition

If electrolysis of water is conducted under reversible

conditions, then the work expended must be numerically equal to
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the work performed by the reversibly operating galvanic hydrogen=-

oxygen cell, in which the same reaction takes place in the opposite

%
4
B

directions

If Ay is the work expended on decomposition of water, and

A, the works yielded by the galvanic cell, it follows that under

reversible conditions

Al = A2 (2)

According to the first law of thermodynamics

Ay =71F x B (3)

and

A, = ©F x E, (L)
wherein
n - number of reacting or obtained
chemical equivalents
Faraday's number
voltage of reversible decomposition
of water
E2'-electromotive force of reversibly
operating hydrogen-oxygen cell,
Consequently
of x By = nF x E, (5)

since nF in both members of the equation relates to the same reaction,

which merely proceeds in opposite directions, we have

B, =B, | (6)

Therefore for a reversible decomposition of water there is required
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a voltage equal to the electromotive force of the reversibly operating

hydrogen-oxygen galvanic cell,

This is the least voltage determined solely by the decompo=

sition work, without taking into account any losses, that is,

irreversible processes, for example overvoltage at the electrodes,

From equations (3) and (L) it follows that

E= _4& (7)
nF
The value of maximum work A of the reaction
! 2H2 + O2 = 2H20
] is given by the isotherm equation ]
02 |
A =FRD x 1n K + RT x 1n CH2 x C02
2
%0 (8)

wherein

K - Equilibrium constant of hydrogen
and oxygen with water vapor

CH s C0 s C
2 2 Ho0O - the initial concentrations of the reacting hydrogen

and oxygen and of the water formed,

On substituting in equation (7) the value of A from equation (8) we

have >
RT C C
E=—ln(x_ M x ) (9
2
CHQO

039R000100240001
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where Gy, HpO, Gy, Hpy Cq, O2 - are the equilibrium concentrations

of water, hydrogen and oXygen. We can write equation (9) in the

following forms

2 2
= C
E=RT 1p Cl,Hzo * CHZ x 02
nF 2 2
Cl,H2 X C]__‘,Q2 X CHQO (ll)

Bearing in mind thab the volumes at which the reaction takes place

can always be selected in such a manner that Cy, HpO = CHQO, that

is, the concentration of the water found is equal %o the equilibrium

value, we have

2
E= BRI 1n C’Hy x °0p
e of, u c
X
s 2 1,0
"2 (12)

Replacing molar concentrations by partial pressures which are
proportional to them, introducing the numerical values of R, F and

v ; and converting to decimal logarithms, we have

5 2
P P Py P
E=8.3x 237 1lg 82 x "0 .(,00005 T x lg By x 70,
I %96,500 2 p2 . e
l,H2 X 1902 pl’HQ x p1,02

(13)

If the process takes place at atmospheric pressure, that is,

if the partial pressures of hydrogen and oxygen PH2 = PO =z 1 ate

mosphere, -equation (13) -assumes the form

" E = 0,00005 T x 1lg

‘Thus‘determinétion of E can'be’made>either on the basis of

the vélue of‘maximﬁm‘wofk of the‘reaction, or, as follows from
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equation (7), on the basis of values of partial equilibrium pressures

of hydrogen and oxygen.

Partisl equilibrium pressures can be computed from values

of degree of dissociation of water vapors

If the degree of dissociation of water is o , then for each
mole there remains l=- & moles of undissociated water, there are
formed ¢{ moles of hydrogen and ¢  moles of oxygen. 1In total

2

we have 1 ¥+ X moles.
2

Since the ratio of partial pressures of gases to the total
pressure is the same as the ratio of their molar concentrations to
the total molar concentration, we have

P

1%
1,Ho - " d 1,00 ., pa

P s P o(1 + %‘)
2

where P is the total pressure of the mixture at equilibrium.

At low temperatures the degree of dissociation of water is

s

very small, therefore the value _q; can be disregarded, and then
2

we have

Py, Hy = P (1%)
P1,0p = 0.5 P (16)

Let us calculate the theoretical voltage of water decomposition for
ordinary conditions in practice, that is at 80 degrees (T = 353

degrees) and pressure of one atmosphere.

For a temperature of 80 ”degrees, the degree of dissociation
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of water cannot be determined experimentally because of its very
small value, but for these conditions it can be calculated from
the values of the equilibrium constant, using an equation which

in the case of our reaction at a constant pressure has the form:

K =P x:43
p
2

The value of the equilibrium constant ai constant pressure

we can find by means of isochore equation of Van t'Hoff,

Ink =
n Kp % ap 41 (1)
RT

For this let us use the following experimental data:

thermal effect of the reaction
2H2 + O2 = 2H20 vapor

at 25 degrees (T = 298 degrees) and constant pressure Qp is equal

to 115,670 ca}ories.
Dependence of true heat capacities on the temperature:
t Cp,Hz = 6,50 + 0,0009 T
Gppe = 6,50 +0,0010 T
Cp’HZO = 8,81 « 0,0019 T + 0.,00000222 T2

Iet us find the general expression for Q (T) as a function

of T from the equation: T
va(T) = Qp(298°) + V0, (18)

298°
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Since 5, y» 1is the algebraic sum of stoichiometric co-
ef ficients of our reaction, we have

C_ = 2C C 20
Z» p P:Hg P>0p - P:HQO

or 3.3 = 2(6.50 + 0,0009T) + (6,5 + 0,0010T) —=
- 2 (B.81 - 0,0019T) + 0.00000222T¢ =

= 1,88 + 0,0066T - 0,00000LLLT? =

Substituting into equation (18) values of Qp (298 degrees) and

$.y Cp, and integrating we have
T

p(T) = 115,670 + ) 1,88 + 0,0066 T - 0.00000LLLT? =
298°
- 115,670 - 1.86 x 298 - 00066 2982 4+ 0.00000LLL x 2983 +

2 3
+ 1,88 T + 0,0066 T2 - 0,00000LLL 13 =
7
3
- 111,856 + 1,88 T + 0,0033 T2 - 0,00000 L8 73

Substituting the value Qp(T) in equation (17) and integrating,

we obtain

1nK = - 111,856 + 1,88 In T +0.033 T - 0,0000007L 2 + I (19)
“RT R R R =

R
Substituting the values of R and converting to decimal

logarithms, we have

1eK = - 114,856
) E.Eﬁa 7" 1,88 15 7 + 0,0033 T - 0,0000007ks T2 4 1

1.986 L.573 L.573 1,573

- 25116, + 0.9k66 x 1g T + 0,00072L6 T =
-

- 0,0000001618 T2 + ¢
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The integration constant C can be formed by substituting in
equation (19) the experimentally determined value of lg K. By
such use of the experimental data the mean value C = + 1,71h was

found,

Using this value of C and substituting T = 353 degrees, we
finally have
lg X = 25116,1 + 0,9466 x 1g 353 + 0,0007216 x 353 =
353 5
- 0,0000001618 x 353¢ + 1,71, =
= o« 71,1l + 2,L117 + 0,2547 = 0,02093 + 1,71k

1g K = w 66,7805

Iet us now determine o(:

lg K = g P0L3
2

31lgX =1lg K -1g P +1g 2

In view of the small value of & at 80 degrees, we can take
as the total pressure of the gaseousiﬁixture the water vapor pressure,
which at 80 degrees is equal to 0,482 atmospheres,
31lg= = 66,7805 - T,6830 + 0,3010
3 lg= = 66,1625
lg k= = 22,05k1 = 23,9459
X = 8,828 x 10723

wherefrom-

Py,H = 0,182 x 8,828 x 1023

Py,0p = 0s5 x 0,182 x 8,828 x 10-23
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and finally
1 -

(0,182 x 6,82 x 10-23)2(0.5 x 0,482 x 8,82 x 10722)

E = 0,00005 x 353 lg

]

0.01765 {12 1 - [2(1g0.L82 + 1g 8.82 x 10723) +

+ (1g0.5 + lg 0,182 + 1g 8,82 x 10-23)]} = o

u

0,01765 {0.00 - [2(T.6830 + 23,9L59) + (T,6990 + T.6830 +
+ 23.9459)1) = 0.01765 (0.00 - 68.,5857) =
0.01765 x 67,L1L3 = 1,18 volts.

3

Caleulation of theoretical potential on electrolysis at normal
pressure (1 atmosphere) can be simplified if there is known the

equilibrium constant for the reqiired temperature,

In such case one may start directly from the isotherm

equation:

Ap = RT x 1n Kp (20)

For 80 degrees we have found the value 1lg K = - 66,7805,
i Substituting the numerical values of R, T. and 1ng, we have the

maximum work of the reaction

Ap = = 2,303 x 1,986 x 353(~66.7805) = 107,800 calories.

But at 80 degrees only hydrogen and oxygen can have a pressure
of one atmosphere, while water vapor has a presence of only 0,482
atmospheres, Hence it is necessary to introduce into the obtained
value of maximum work a comnection, that is, add the work of ex-
pansion of water vapor froﬁ the conventional pressure of 1 atmos-
phere that was adopted by us, to the actual pressﬁre of 0,482 at=-

mospheres,
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For two moles of water this work is equal to

Aj=2rTxIn 1 =2x 2,303 x1.986x 353 x1n 1 _ = 1075 cdories,
0,182 0.182

A} = 107,800 + 1075 = 108,875 calories

wherefrom

A,

E= D = 108,875 = 1,18 volts
nF x 0,238 L x 96,500 x 0,238

Maximum work Ap can be calculated also directly from equation

(20), since on the basis of equation (19)

Ay = 111,856 - 1,88 T x 2,303 1g T - 0,0033 T2 +

+ 0,0000007k T3 =2.303 C X RT
Taking the value C = 1,71L, we have for 80 degrees

Ap = 107,821 calories

A} = 107,821 + 1075 = 108,896 calories
E - 1,18 volts

Similar computations for an electrolyte temperature of 17

degrees give a theoretical decomposition voltage of 1.23 volts,

The theoretical voltage thus decreases with increasing
temperature, and the temperature coefficient of electromotive

force of hydrogen-oxygen circuit, within this temperature range

is equal to

dE_ = 0,0008 volts
at
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When the temperature coefficient of the electromotive force
is known, the theoretical potential can be calculated on phe basis
of thermal effect values of the reaction, by using Gibbs-Helmholtz

% equation

| E = 9 + & ¢ (21)

2 x 96,500 x 0,239 daT

L, Balance of Voltage

Balance of Cell Voltage

In practice, of course, electrolysis cannot be effected
in reverse since it is not possible to operate at vanishingly small
current densities so as to avoid power losses by overcoming of a
number of harmful resistances, like overvoltage of gases on electrodes,
electrolyte resistance, diaphragm resiétance, resistance of electrodes,
of contacts and the like. Hence the cell voltage always exceeds,

to a larger or smaller extent, the theoretical voltagee.

The cell voltage V, that is, the difference of potentials
between the electrodes, is thus equal to the arithmetical sum of

the voltage decrease within the individual areas of the cell,
e e, e e e
v-+€é+6k+?za+’)_k+l+ 2+ 34+ b + 5

where € a and €k are reversible potentials of anode and cathode
the sum of which is equal to the theoretical decomposition
voltageig and?ﬂk -- respectively, overvoltage of oxygen

on the anode and of hydrogen on the cathode,
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el - voltage loss in the electrolyte

€p - voltage loss in the diaphragm

e3 - voltage loss in conductors of the first kind -

in electrodes
e, - voltage loss in contacts

e5 = concentration polarization

Depending upon operational conditions and design of
the cell, harmful resistances can be very substantial, as a result
of which, the actual cell voltage may exceed the theoretical 1.5
- 2 times, Most important are losses due to overcoming overvoltage

at the electrodes and resistance of the electrolyte,

Losses ©3 and S, if the cell is properly designed and ade-
quately maintained, can be very small. Just as small are the values

®2 and €5 which ordinarily have no substantial practical signifie

cance,

Overvoltage of Hydrogen and Oxygen

As is known overvoltage of gases is not a constant
quantity and depends upon many factors: current density, nature
of the electrode surfaces, temperature of the electrolyte, material
of the electrodes, duration of electrolysis, In the last 20 years
theoretical electrochemistry has attained signal successes in the
domain of the study of gas overvoltages, nonetheless it has not

succeeded fully to establish the theory of dependence of OVETre

voltage on the above listed factors, Therefore in estimating the
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magnitudes of hydrogen and oxygen‘overvoltage, it is necessary to

resort to experimental data, But experimental data also are of

: "7 relative value and provide but an approximate estimate of the
| overvoltage, because experimental conditions cannot be readily

duplicated.

Values of hydrogen and oxygen overvoltage at various current

densities and temperatures on different materials, in the electrolysis
of a 16 percent solution of caustic soda, are shown in Tables 22 and

23,

Table 22

i Hydrogen overvoltage in a 16 percent solution of caustic

soda; in volts

Current density amp./m2  Current density amp./m2
Material

at 18 degrees at 80 degrees

100 500 1000 2000 500 1000 2000

Platinized platinmum 0,04 0,06 0,08 0,095 0,03 0,0L5 0,055
Galvanic nickel, Sulfur

containing 0,16 0,06 0,08
Nickel steel, sand

blasted 0,15
Nickel, rolled 0639
Iron, sand blasted 0.18 04345
Iron, nickel coated 0424

-

Iron, cobalt coated ( 0.30

kS
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Table 23

Oxygen overvoltage in a 16 percent solution of caustic

- "’775'0'(13.';" in-—volts T

. GCurrent density amp./m?  Current density amp, /m?
: Material
i at 18 degrees at 80 degrees

100 500 1000 2000 100 500 1000 2000 3500

Galvanic nickel,

Sulfur contain-

ing 0632 0036 00385 0,42 0,18 0.22 Oo2lh 00265 =

Nickel steel,
sand blasted 0,35 0.40 Ouli 0,48 0625 06275 0429 0031 0o3L

Nickel, rolled 0455 0.77 0482 0485 0431 0636 0el0 0oU3 =

Iron, cobalt

coated 0631 - 035 0637 0639 0623 0625 0627 0429 -

As can be seen from the table overvoltage of both gases, in
accordance with the general rule, increases with increasing current
density, Increase of temperature considerably decreases overvoltage,
The overvoltage is affected not only by the material of the elec-
trodes but also by the condition of their surface. On rough sure=
faces, the overvoltage is lower than on smooth and shiny surfaces,
Apparently this is connected with the fact that the actual working
surface of rough electrodes is considerably greater than their
geometrical surface, as a result of which, on rough surfaces the

current density is less than on smooth ones,
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In construction, on taking into consideration the overvoltage
values on different materials, metal corrosion in the electrolyte

and the economic factors, one uses for the cathode soft ironm, in

most instances treated with sand, to roughen the surface, by means
of sand-blast machines; as the anode there is used soft iron gal=

vanically coated with a mat layer of nickel,

Voltage Loss in the Electrolyte

In modern practice of water electrolysis there are used
as electrolytes exclusively, solutions of caustic soda or caustic
potash, since acidic electrolytes cause strong corrosion of the
equipment. The choice of one or the other of these alkalies is
determined by working conditions and cost of the alkali. Usually,
if electrolysis is conducted at less elevated temperatures, caustic
potash is used, because under these conditions it has a higher
electrical conductivity than caustic soda. At higher temperatures
this advantage of the potassium salt becomes less pronounced,

Since caustic potash causes strong corrosion of the equipment, es=
pecially at an elevated temperature, and its cost is higher than
than of caustic soda it is more expedient to use caustic soda for

electrolysis at a high temperature,

Loss of voltage in overcoming resistance of the

electrolyte can be calculated according to the law of Ohm,

‘e, = Ix1l
1Pf
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where

- specific resistance of electrolyte .

I « current intensity

i 1l « distance between electrodes in .

centimeters (path of current)

f « cross section of the electrolyte in

square centimeters

Actually, however, voltage decrease in the electrolyte is
always somewhat greater than that computed on the basis of Ohm's f ol
law, This deviation becomes the more pronounced with increasing

current density at equal distance between the electrodes.

This is due to the fact that in electrolysis the electro=

lyte is filled with ascending gas bubbles which decrease the ace
‘ tive cross section of the electrolyte. Therefore calculation
of the actual voltage decrease requires the taking into account
of the degree of so-called gas saturation of the electrolyte,
i The gas saturation of an electrolyte is expressed as the ratio
(in percent) of gas bubbles volume to the total volume of the

electrolyte (liquid + gas), ; E

[See next, page for Table 2l]
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Table 2k

Specific resistance of aqueous solutions of caustic

alkalies; in ohms

Temperature NaOH content of Solution; in Percent

04
v 15 17.5 20 22,5 25 27,5 30 32,5 35  37.5 Lo

50 1.575 1,527 1,508 1.520 1,583 1,692 1,780 1,923 1,950 2,105 2,232

55 1.b60 1.,L08 1,381 1.385 1,L28 1,566 1,567 1.650 1,695 1.800 1,905

60 1e333 1,300 1.272 1,266 1,290 1.346 1.392 1,450 1,506 1.562 1.6L0
65 1.250 1,209 1,170 1,164 1,180 1,220 1.256 1,300 1,342 1.385 1.Ll3

70 1,172 1,130 1,088 1.081 1,088 1,117 1,166 1,176 1.200 1.2h2 1,287

?' ; 75 1,162 1,062 1,018 1.007 1,010 1,030 .1,050 1.075 1,103 1.127 1.16L

80 1,046 1.000 0,956 0.943 0,941 0.955 0.969 0.990 1.011 1,031 1,058

Temperature

o KOH Content of Solution; in Percent

o 20 22,5 25 21,5 30 32,5 35 37,5 Lo |
50 1,250 1,158 1,104 1.061 1,0k2 1,060 1,075 1,100 1.153
55 1.17L 1,096 1,036 0.999 0.988 0.988 1,000 1,020 1,06k
60 1,099 1,027 0.970 0.933 0,922 0,921 0,929 0,945 0.980
65 1,046 0,968 0,923 0.901 0.867 0.86L 0.870 0.883 0,913
70 0.988_ 0,909 0,865 '0.833 9.827 0.81L 0,818 0,828 0.852
75 0.928 0,863 0,820 0.788 0.175 0.769 0,772 0.779  0.800

0.737 04730 0,731 0.736 0,75k

| 80 0,882 0,833 0.790 0.751
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Gas saturation depends on current density, temperature of

! the electrolyte, size of gas bubbles, cell design, and is de-

| termined experimentally.

shows_the_relative increase of electrolyte re-
»f’ Vf)‘\ LA,
sistance at various degrees of gas saburations

Figure

As can be seen

from the diagram, this factor is of substantial importance., Thus

J\_‘V(’,E \ s

at gas saturation ;§ 35 percent the resistance is increased to a

value equal twice that of the electrolyte free of gas bubbles,

Voltage loss in the electrolyte, as is apparent from

equation (22), is proportional to its specific resistance. Con=-

§ sequently it is very important to use an electrolyte of least
| ‘

g resistance, : ]
Sy
| £ ;
| w Y ~ i
v Y
J N ; :
3 #E o .
4 _
i 0.~ :
: x y

© |

Coefficient ol resistance 1lncrease
Figure 77, Effect of gas saturation on electrolyte resistance

1 - measured resistance; 2 - calculated resistance

Table 2l shows the values of specific resistance of caustic !
|

alkali solutions at various concentrations and different tem-

peratures.

|
This table shows that with increasing temperature the value 1
|
|

of minimum specific resistance is shifted toward the more concentrated
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solutions. Consequently, selection of concentration of the solution

having least reSistance;%must be made in accordance with the pro-

3 1 7 3 3 + Jartd e mrna
y¥sise—Ysuall IR eLeCTLYOLYLICPIo

i duction of hydrogen and oxygen at 60-65 degrees, there are used

25-29 percent solutions of caustic potash or 16-18 percent so=

lutions of caustic soda,

5. Power and Material Balance

& ! ' Power Expenditure and Yield on Electrical Current Basis

Magnitude of electrical power is proportional to voltage o

and amount of electricity

W=VxQ (23)

It follows that the theoretical expenditure of electrical power per

; cubic meter of hydrogen and 0.5 cubic meters of oxygen at O degrees

and 760 millimeters of mercury pressure, is

W=1,23 2 x 96,500 x 1000 = 2.95 Kilowatt-hour.

‘ 22,4 x 3,600 x 1000

wherein 1,23 is the theoretical reversible voltage of water de=-

composition, i

55

The actual power expenditure is considerably greater than the

L

theoretical, which is primarily due to the higher voltage of the cell
and also to the somewhat greater expenditure of electricity in com-
parison with the theory. The ratio (in percent) of the theoretical
amount of electricity Q, required according to Faraday's law for

' the production of a given amount of substance, for instance of 1

mole hydrogen and 0.5 moles of oxygen, to:the amount Q' actually

expeqdedkis called yield on the basis of electrical current, that is,

the yiéld (in percent)
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The yield on the basis of electrical current of an electro-
chemical process characterizes the process from the standpoint of

efficacious utilization of electricity and the taking into account

of electricity losses in electrochemical and chemical side-reactions

within the cell,

We have seen previously that the basic electrochemical pro-
cess -~ discharge of H+ and OHe ions, is not accompanied by any
side-reactions; therefore yield on the current basis in this in-
stance depends sclely on efficiency of separation of the gases and

absence of leaks of electricity,

In modern designs and installations these losses are negli-
gible (not in excess of 1 percent) and only in cells of the old
types (filter press, bipolar) losses due to electrical leaks were

substantial and reached 10 percent,

Thus, in pbractice, power expenditure is given by the

equation

W= VQ (2l)
A

In view of the high yields, on the basis of electrical cur-
rent, which render the value of A approximal equal to one, power
expenditure may be considered, for every practical purpose, as being
dependent only on the cell voltage. We have already stated that
cell voltage exceeds the theoretical by 1,5-2 times, and the actual
expenditure of power in Kilowatt-hours per one cubic meter of
hydrogen and 0,5 cubic metgrs of oxygeh at O degrees and 760
millimeters of merduryj fluétuatas‘within‘the range of L.5 to 6
Kilowatt~hours, '

‘ “ : - 0001-4
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Water Expenditure

Foundation of one cubic meter of hydrogen and 0.5 cubic

meters of oxygen under normal conditions, uses Up, in theory, 805

grams of water. Actually, expenditure of water in the cell, is

and oxygen withdrawn from

however somewhat greater because hydrogen

the cell carry with them water vapors.

If the temperature in the cqll is t,ithe pressure of
moist gases P atmospheres, and the pressure of water vapor above
the electrolyte of a given concentration at t is equal to p atmos=-
pheres, the amount of water vapor carried away Dy the gases can be

calculated as follows:

The volume, in liters, of 1 mole of hydrogen and 0.5

mole of oxygen, under the given conditions is,

v = (22, +11,2) (213 + %) 760

273 (P = p)

The weight of 1 liter of water vapor, in grams, under

the same conditions is,

5/ = 18 x p x 273
22,l x 760(273 + t)

The amount of water vapor saturating the volume Vv is,

Gmvx d = (221 +11,2) 18 xp
22.L (P - p)

or, the amount of water vapor, in grams, which is carried out of the

cell by the gases, per one cubic meter of hydrogen at normal conditions
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is equal to:

G, = (2.l +11,2) 18 x p x 1000 . 1597 P

22,4 x 22,4 (P - p) P

Thus the amount of water vapor removed with the gases
will be greater with higher cell temperature, which determines the
volume V of the gases evolved, and also the pressure of saturated
water vapor over the electrolyte, The amount of water vapor re-
moved, will be smaller with increasing pressure of the gases in
the cell and with increasing concentration of the electrolyte;
factors determining the boiling temperature of the electrolyte

and depression of water vapor pressure.

Boiling temperature curves of solutions of caustic
soda and caustic potash of various concentration are shown in

figure 78,

Alkali concentration in Percent

Figure 78. Depend§nce‘6f boiIing temperéturé of solutions

caustic soda and potaéh;updn'cohcentration;
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To compensate the water expended in the decomposition

and removed with the gases as water vapor it is necessary to intro-

r_continuously, additional amounts

duce into the cell, at intervals

of water, Water added into the cell must be previously purified to
remove mechanically admixed impurities and dissolved mineral saltse

This is usually effected either by distillation or by electro=-

osmotic purification. Water is considered suitable for use in

electrolysis if its specific resistance is not less than 60

thousand ohms and the dry residue content not more than 7 milli-

grams per litere.

Heat Balance of the Cell

on considering the balance of voltage and power ex=

penditure, we have seen that only 60-50 percent of the electrical
energy supplied to the cell is expended for decomposition of waler.

The remainder of this energy, consumed in overcoming internal re-

sistances, constitutes a loss and is given off in form of heat

within the cell. The amount of heat evolved, Q, increases with

increasing cell voltage and with increasing current intensity;

it can be so great as to cause excessive overheating of the cell,

To avoid this, recourse is available to auxiliary cooling by pro-

viding the cell with a water cooling jacket, or more commonly,

with a water cooling coil. Thus excess heat is dissipated and

electrolysis temperature is regulated to maintain it at the

desired level. Under such conditions the heat regimen of a cell

is characterized by the following balance:

.0 g ‘qz'“+"q‘3 4% *ag (25)
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wherein

4] - heat removed by the cooling water

i Q, - heat consumed in heating the feed water to

| electrolysis temperature
a3 - heat consumed in evaporation of water

q), - heat removed with the hydrogen and oxygen

Q5 - heat lost to the surrounding medium

At constant temperature of electrolysis, and of the ﬁ

i ' surrounding medium, Q25 935 9 and qg are constants and con-

[ sequently 9 which determines expenditure of cooling water depends
- ‘ upon the amount of heat Q, generated in the cell, It would appear
i 1 that Q should be equivalent to the difference between the amount
of electrical energy, actually expended in the cell, and that L

theoretically required for the decompesition of water,

Energy expended is equal to
W =V x nF x 0,238 calories
where V is cellvoltage.

Energy theoretically required for decomposition of
water is equal to the maximum work of the hydrogen-oxygen galvanic

cell,
Wi = 1,23 X nF x 0,238 calories (27)

"where 1.23 is the reversible theoretical voltage of water decomposition,
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or the electromotive force of the hydrogen-oxygen cell,

i
i

| Q=W =W, = nR(V) - 1,23) 0,238 calories (28)

Hence, Q must be equal to

However, this correlation is but a specific instance,

which holds where maximum work performed by the system, is nu~
merically equal to the total change of the internal energy of the

system, that is, to the thermal effect of the reaction. In other

words, when in the equation of dependence of naximum work and

thermal effect
A=Q+q (29)
{ | q is equal to zero,

In our case, abt 25 degrees and 1 atmosphere, the thermal a .

effect of the reaction

HO — H +
27 e—

amounts to * 68 330 calories.
Whereas maximum work is

A = 1,23 x nF x 0,238 = 1.23 x 2 x 96,000 x 0,238= 56,560 calories.

q = 68,330 - 56,560 = 11,770 calories

Thus, we can see that in the case of reversible work the

hydrogen~oxygen cell at;l?Adégrees.performs not only the work

‘wl_é 1,23‘X‘ﬁF.x,O,?}Sicalpries
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but also generates the amount of heat q = 11,770 calories per 1

mole of water.

Consequently in the reverse process -= electrolysis

—.. there will be expended not only the electrical energy

of water
Wl but also absorbed the heat q.

Therefore the amount of heat liberated in the cell
will be:

Q =V xnF x 0,238 - (1.23 x nF x 0,238 +q) =

= V x nF x 0,238 - 68,330 calories

Expressing, for convenience of calculation, the

subtrahend in units of the same dimensions as the minuend, we have

Q =V x oF x 0,238 - 1,18 x nF x 0,238 =
= nF x 00238 (V - 1.,L8)

Substituting the amount of electricity nF by current
intensity, and multiplying by 3600 (number of seconds in an hour)

we have the hourly amount of liberated heat (in calories/hour)

Q = I x 3600 x 0,238 (v - 1,L8) = I x 0.856(V - 1.L8) (30)
1,000

We see that the amount of heat generated depends only
on current intensity and cell voltage and increases in proportion

to their increase.

Thus the conclusion can be arrived at, that should it

be possible to conduct decomposition of water at reverse potential
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1,23 the cell would operate endothermically and in order to maintain
the thermal equilibrium it would be necessary to supply external
heat in the amount of 11,770 calories (q) for each mole of water

decomposed.

B, Principles of Design and Operation of Cells for Water

Electrolysis

1, Efficient Conditions of Electrolysis

The problem of any efficiently run production, besides
providing best working conditions and obtaining a high quality
product, is attaining minimum production expenses, that is, least
cost of products obtained. Production costs in the present case
consist essentially of expenditures for electrical power, labor
wages, repairs and amortization of the equipment., It is necessary
to strive for such a regimen of the technological process at which
expenditure of electric power, which constitutes the primary factor
which determines the cost of electrolysis, is at a minimum, The
cells must have large volumetric output, they must be cheap and
be readily maintained. Fulfillment of these conditions constitutes
a very complex technological problem, which is far from being com-
pletely solved, if we bear in mind that utilization of power still

fluctuates at only about 55 percent.

From the foregoing it follows that power expenditure must be
very materially affected by overvoltage ab electrodes, gas saturation
of electrolyte and its resistance. Decrease of overvoltage can be
achieved by increasing electrolysis temperature, by selection of

suitable material for the -electrodes, and by decreasing current density.
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However, increase of temperature, under conditions of electrolysis
at normal atmospheric pressure, 1s limited, as is apparent from the
diagram shown in figure 78, by the boiling temperature of the
electrolyte and increased corrosion of iron parts of the cell,
Selection of electrode material is also iimited by economic factors,
and in practice the cells are constructed solely of steel and iron

coated within individual areas with nickel,

The most expedient measure, therefore, is decreasing current
density at the electrodes, which in practice is attained by various
constructive embodiments and electrode processing methods, intended
to provide increased surfaces. Thus, for example, the electrodes
are subjected to sand blastingj the cathodes are coated with molten
oxides of iron which on reduction form a layer of spongy iron, or,
finally, the electrodes are galvanically coated with iron or nickel

containing sulfur, and with metallic alloyS.

Gas saturation can be decreased by increasing the distance
between the electrodes and decreasing current density. But both
these measures cannot be considered efficacious since the first
by increasing ohmic resistance of the electrolyte correspondingly
increases power expenditure, while the second decreases output of
the cell, One strives to decrease gas saturation by a choice of
an effective form of the electrodes and by an increase of electro-
lyte circulation velocity, so as to remove rapidly the gas buBbles
from the path of the current. It has also been proposed to add cer-
tain ingredients to the electrolyte, for instance to add finely
powdered graphite, in the presence §f which small gas bubbles com-

bine into larger ones and are more rapidly removed from the electrolyte.
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Electrolysis under increased pressure also decreases gas saturation.

Decreased ohmic resistance of the electrolyte is achieved,
besides the choice of a solution concentration having maximum con=- i
ductivity and increased electrolysis temperature by lessening the i
distance between electrodes., But since shorter distance between

electrodes increases gas saturation, perforated or reticulate elec-

trodes are used in these cases so &5 to render them permeable to

gases. |

2, Electrode types

; The great variety of electrode designs for use in

hydrogen cells, which have been proposed and are used in electrolysis

practice is due precisely to efforts aimed at atbtainment of minimum

power expenditure with concomitant increase of the output of the cell. 3 ' 5

Let us review the most important designs which have found utilization

in practice. - |

Simple Plate Electrodes

An electrode of most primitive design consists of a

smooth iron sheet from 1.5 to 2 millimeter thick, with two iron rods

welded on, which are used to suspend the electrode in the cell and

to conduct the current, Such a construction being most simple is of

poor efficiency from the standpoint of measures tending to decrease

voltage., Gas saturation, on use of such electrodes, will be very

substantial; it will be the more pronounced the greater the current
density and the height of the electrode, Therefore such electrodes
are of small height which must not exceed one half of their length,

! Current density at the electrodes must also be low (from 200 to 300

ampere per square meter).

eclassified in Part - Sanitized Copy Approved for Release 2012/03/20 : CIA-RDP82-00039R00010024001-4



: 001-4
Declassified in Part - Sanitized Copy Approved for Release 2012/03/20 : CIA-RDP82-00039R000100240

Double Plate Electrodes

The electrode (figure 79) consists of two flat
parallel sheets, provided for added strength with embessed ribs,
The sheets are 2 millimeters thick, the distance between the sheets
is 6 millimeters. The size of the sheets is 1000 x 1000 milli-
meters, An iron rod is riveted to the sheets for suspending them,

Current is supplied through a copper bus bar,

Considerable height of the electrode unavoidably
increases gas saturation especially in the upper part of the cell,
were 1t not for the fact that the design of the electrode promotes
circulation of the electrolyte along the working surface of the
electrode. The working faces of the electrode are only its outer
surfaces; the inner surfaces are inactive, and the electrolyte be-
tween the sheets remains free of gas bubbles, The density of the
electrolyte at the outer surfaces of the electrode becomes lower,
due to the presence of gas bubbles, than that of the electrolyte
between the sheets, Hence electrolyte between the sheets flow

downward, forcing the electrolyte at the outer surfaces to rise

upward and carry the gas bubbles out of the path of the current,

Thus the design of the double electrode promotes

decreased gas saturation. This however is still insufficient for

achieving a considersble voltage reducing effect within the
electrolytic bath and for that reason electrodes of this type are
used with low current densities (about 1400 amperes per square
meter),

Figure 79, Double plane electrode,

|

\ .
o : X 240001-4
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Taminary Electrodes

In electrodes of this type an attempt is made to
decrease the working surface of the electrode thereby decreasing
the effective current density. Laminary electrode (figure 80)
consists of vertically disposed parallel narrow iron strips l.
The strips are disposed at an equal distance from one another,
which is attained by means of iron rings 2 located between then,
A11 the strips are held together as a unit with bolts 3. The

electrode is suspended on iron rods LI which serve also to con-

duct the current. ‘Some electrodes of this type consist of a
very large number (up to 360) strips. An electrode 1100 milli-
meters long and 965 millimeters high, consisting of 360 strips,
22 millimeters wide and 0.8 millimeters thick has an effective
surface of 18.32 square meters, that is exceeds nine times the

surface of an electrode of identical lengths and height, but

shaped in the form of & flat sheet,

Current density on such an electrode varies over
its surface. It reaches highest value at the end surfaces of
the strips and decreases with increasing distance from end toward
the middle portion of the strip. Therefore the mean density of
current on the electrode decreases not nine times in comparison
with the plate electrode, but somewhat less, but is still con-
siderably lower. Use of laminary electrodes apparently also
decreases somewhat gas saturation of the electrolyte in the
path of the current and by so doing also promotes voltage decrease
in the cell., In view of their extensive surface area laminary

electrodes permit application of a considerably higher density
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of current, up to 1500 amperes per one square meter of geometric

projection, that is, about five times more than that of a simple

plane electrodes !

Figure 80, Laminary electrode, 1 - iron slats; 2 - iron

rings; 3 - bolts; L - iron rods.

Louvered Electrodes

In all of the hitherto described electrodes the

gas saturation increases with decreasing distance from the sur-

face of the electrolyte, and the resistance of the electrode in

the upper portion of the cell is considerably greater than in the

lower. In the louvered electrode (figure 81) this disadvantage 2 | !
is eliminated, The electrode consists of two iron bars of square ;

cross section terminated at their ‘upper end by circular cross l
section rods. These bars are used as supports of the electrode

and as current conductors. Welded to both sides of the bars are
iron strips disposed at a certain angle with respect to the ver=-

} tical axis of the bars. The strips are positioned one underneath

the other in close proximity, so that they are separated from one i
another by narrow slanted slits. Gas bubbles on detaching them- !
selves from the strip rise upwards and impinging upon the next-above
strip, slide along its inclined surface into the inner space of the

electrode within which they then rise to the surface of the electro=- !

lyte . %

Figure 8L, Louvered electrode.
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Thus, in theory, no gas bubbles enter the space be=-
f tween consecutive electrodes -- anode and cathode, and are so com-
pletely removed from the path of the current. In the path of the

current between strips there are present but a few bubbles, and

their number is practically the same at the lower and at the upper

portion of the electrode, This arrangement unquestionably greatly

decreases the harmful effect of gas saturation. In addition there

takes place circulation of the electrolyte, upwards inside the

electrode and downwards between two consecutive electrodes, which

; further facilitates rapid elimination of gas from the electrolyte,

Finally, the increase in comparison with a plane surface of the

electrode induces decreased current density.

: i All this makes it possible when the number of
; strips is extensive to utilize with such electrodes current den-

sities up to 2500 amperes per square meter of geometrical pro-

% | jection of the electrode. A shortcoming of the louvered elec-

; | trode as well as of the laminary electrode is complexity of con-

struction,

Perforated Electrodes

The desire to simplify and to render less costly
manufacture of electrodes while retaining at the same time the
advantages of electrodes of extensive surface and permeable to

- gases, has led to the construction of perforated electrodes.

Figure 82, Perforated electrode.
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Such an electrode (figure 82) consists of two iron
sheets welded to two iron bars which serve to suspend the electrode
and to conduct the current, The iron sheets are 3 millimeters thick

and are perforated with a great number of circular apertures.

Although it would appear that perforation would de-
crease the surface of the electrode, it is possible by adequate
selection of apertures diameter and distances between them to at-
tain an increase of the working surface, since in the punching out
of the holes a new lateral surface is formed, - Furthermore perfor-
ation makes possible utilization of the back side of the sheets
which increases the overall working area of the electrode in com-
parison with a plane one. On a perforated electrode a consider-
able portion of the gas passes into the inner space of the elec-
trode and there takes place intensified circulation of the electro-
lyte. This decreases gas saturation in the zone between adjacent
electrodes and permits to place them more closely together, thereby

decreasing the resistance of the electrolyte.

Removal of gases into the internal space, utiliza-
tion of the reverse side, induced circulation and especially close
proximity of the electrodes make it possible to use current den-
sities up to 2500 amperes per square meter of electrode projection,
In addition an advantageous feature of perforated electrodes is
their greatly simplified manufacture in comparison with laminary

and louvered electrodes,

In other designs the same principles are utilized and

they differ only in constructional features.
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3, Separation and Removal of Gases

Separation of the Gases

By means of electrolysis completely pure gases can be
produced. This requires only a careful separation of hydrogen and
oxygen, thereby precluding contamination of one gas by the other as
a result of mechanic mixture or of diffusion. Separation of the
gasés is important not only because it is necessary to produce them
in a pure state, but also because a question of safety is involved

namely avoidance of detonating gas formation,.

The simplest method of gas separation consists in the
use of wide, deeply immersed bells as is shown in figure 83. Elec-
trodes 1 and 2 are located inside the iron bells 3 and L which are
deeply immersed in the electrolyte. To prevent evolution of gases
on the external surfaces of the bells, the electrodes are provided
with insulators 5. The generated gases rise vertically, enter the

bells and are removed separately through suitable gas outlet pipes.

Such a scheme though dependable and simple is not

i : expedient for large industrial cells, Wide bells make it necessary
‘y to space the electrodes wide apart and in addition by shielding a
large portion of the electrodes lengthen the path of the current.
This causes great losses of voltage in overcoming resistance of

the electrolyte,

Figure Qg. Separation of gases by means of bells:

1 and 2 - electrodes; 3 and L - iron bells; 5 - insulators
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; For this reason in the large modern cells there is used
; for separation of the gases, only a diaphragm, that is a porous
partition, readily permeable to ions but impermeable to small gas
bubbles. The electrodes, as this is shown in figure 8l, are still
placed inside of bells 1 and 2; the lower part of the bells is
immersed in the electrolyte but the height of the bells is con=
siderably smaller. At the lower end of one of the bells, and in
some cases of every bell, there is provided a bag-like porous
diaphragm 3 which completely surrounds the electrode, In such

an arrangement the electrodes can be placed considerably closer
together, and still the gases practically do not mix if the

diaphragm is in good working condition, It is merely necessary

to make certain that the electrolyte level in the cell does not
drop below the rim of the bell and the diaphragm does not pro=

trude above the electrolyte. Otherwise the gases diffuse readily

! through the diaphragm.

Figurqmﬁg. Separation of gases by means of diaphragm.

I 1 and 2 - bells; 3 - porous diaphragm,

Diaphragms

Diaphragms used for the separation of gases must meet
the following prerequisites: (1) Possess low electrical resistance
f ‘ (2) Be sufficiently dense to preclude passage of gas bubbles through
, the diaphragm (3) Be sufficiently strong mechanically (L) Be chemi-

cally resistant toward the electrolyte.

Asbestos diaphragms: The above listed conditions are
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most fully met Dby asbestos fabric, which is used almost exclusively
in modern cells, In the manufacture of strong asbestos fabric there
is used pure, alkali resistant long fiber asbestos. The best grade
is considered o be hand processed ngrude" asbestos with fibers from
15 to 25 millimeters long. From the long fibers can be made 2 strong
yarn, out of Which the asbestos fabric is woven. The fabric must

be closely wovemn, must appear opaque when viewed against the light
and possess sufficient tensile strength. In most cases single

plain weave fabric from 1.5 to 2 millimeters thick is adequates

For more heavy duty there is used double twill weave fabric from

3 to 3,5 millimeters thick. Sometimes for increased mechanical
strength the weft threads are reinforced with nickel wire 0.16

millimeters in diameter.

The life of an asbestos diaphragm 1s usually of several
years' duration (3-S5 or more) if the diaphragm 1is not subjected in
the course of its use to drastic mechanical action, which may take
place for example as a result of hydrogen and oxygen pressure fluc~

tuations.

Metal diaphragms: Much less frequently porous metal
diaphragms are used, In practice diaphragms of thin nickel foil
containing a large pumber of small apertures (SOO—lhOO apertures
per centimeter square) are being utilized. Such a diaphragm is
made by electroplating methods. Nickel is deposited by electro-
plating on a copper matrix the surface of which is covered with
minute dot~-like recesses. The matrix is coated with an in-
sulating varnish which £i1ls the recesses. When the varnish has

dried it is scraped off the surface but is retained in the recesses.
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The matrix is then nickel-plated. In the course of this operation
the nickel is deposited upon the entire surface of the matrix ex-
cept at the points retaining the varnish coating. The nickel
plated surface is then slightly oxidized and on the oxi.dized sur-
face the diaphragm foil is then produced, and can be readily re-
moved therefrom. Nickel diaphragms are stronger than asbestos
diaphragms bub by the action of the electrolyte they also are
adversely affected and require periodic overhauling which is

effected by fastening patches over the damaged areas.,

Metal diaphragms on breaking down may cause short cir=-
cuiting of the electrodes, and are in this respect less satis-
factory than those made of asbestos. For this reason it is

dangerous to place the electrodes very close together.

Cooling, Washing and Regulating the Pressure of the

Gases

The gases leave the cell at a temperature of 60 de= 1 {
grees-80 degrees, and carry with them, as was pointed out pre-
viousl&, considerable amounts of water vapor, Moreover together

{ with the water vapors there are being entrained particles of the

electrolyte in the form of minute droplets and of alkaline miste

Since removal, with the gases, of large amounts of

vapor would cause increased expenditure of distilled water, while
removal of electrolyte == increased expenditure of caustic, an §

effort is made to cool the gases jmmediately upon egress from the

- cell, On cooling the greatest part of the vapor condenses and
flows back into the cell. To attain this, cooling with water is

resorted to of the covers or of the bells under which the gases
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collect, gas outlet pipes are made sufficiently long, and finally

the gas is made to bubble through a layer of cold feed water, In

the latter treatment, purification of the gases takes place simul-
taneously from a considerable portion of the alkali contained therein
7 and equalization of pressures within the hydrogen and the oxygen com-

partments of the cell,

Differences of gas pressure in the cell can arise as a

result of various conditions; for example, different resistances in
the pipe manifolds, formation of liquid seals in the pipes, unequal
rate of gas removal, and so forth, At the same time maintenance of
1 a constant pressure of the gases is of great importance, since ex-
cessive pressure increase of one gas within the bell may cause
lowering of the electrolyte level below the rim of the bell, ex=
posing the diaphragm, or even project the electrolyte over the rim
of the cell, Exposure of the diaphragm, as pointed out previously,
will cause @ixing of the gases, with possible formation of an ex-
plosive mixture. On the other hand, frequent and drastic fluc-
tuation of gas pressure by subjecting the diaphragm to excessive
mechanical action will result in its rapid deterioration. Hence,

I/ regulation of the gas pressure is most important. It can be

/ effected for each individual cell, or more commonly, for a given

group of cells,

; Figure 85 shows diagrammatically a hydraulic gas

: pressure regulator in which scrubbing of gases also takes place,
The regulator consists of two vessels 1 and 2 connected at their

3 bottom by a junction pipe and filled with water, Oxygen and

g i hydrogen flow through connecting pipes into the vessels of the %
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regulator and after bubbling through a layer of water, pass into
the collectoT pipess If in the collector pipes the pressure of
one of the gases undergoes a change, this has no effect upon the

pressure of the gases within the bells of the cell.

Figure 85¢ Hydraulic regulator of gas pressures

] and 2 = comnected vesselse

1f for example the pressure of the hydrogen increasess
water will be expelled from vessel 2, through the junction pipe,
into vessel l. In the vessels there will be established, 2
difference in level 4 which will counterbalance the pressure
difference between hydrogen and oXygele But under these con=-
ditions the oxygen will bubble in vessel 1, through a layer of
1liquid having the height K, while hydrogen in vessel 2, through
2 layer h. Since h+d=k, it is obvious that the pressure
within the bells will remain the same for both gaseSe 1f the
junction pipe between the vessels is of sufficiently large
diameter, the flow of water from one vessel into the other can
take place SO rapidly that no appreciable pressure fluctuation

will occur within the bellse
s Water Feed of the Cells

Because of the decomposition of the water, the level of
the electrolyte in the cell drops continuously and may descend
below the permissible 1imit, if the cell is not being adequately
supplied with fresh feed water. In small installations the fresh
water can be added jntermittently at intervals of several hours,

depending upon the size of the cell volume not filled by the
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electrolytes Small periodic changes of alkali concentration in the

electrolyte are of no importance since the resistance of the electro-

lyte is altered but littleo

This method, however, becomes impracticable in large instal-
lations., In these, addition of water is made automatically. This
is done by providing the cells with float controlled level regu-~

lators., A common water supply pipe is installed alongside the

cells from which individual connections lead to each celle

Water flows into the cell from a pressure tank. Depending
upon the position of the electrolyte level, the float opens or
closes the water intake pipe. For simplicity of operation, a single
float actuated regulator is providgd for an entire group of cells.
In such a case the float is contained in a separate vessel con-
nected with the cells 5y means of a system of pipes. Into thig
vessel flows the water from the pressure tank; the water level
in the vessel is maintained by the regulator at the same height
as that of the electrolyte in the cells. This simplification is
inconvenient in this respect that it may cause forcing of the
electrolyte into the feed system and its passage into other
cells. To avoid this it is expedient to install the feed pipes
above the cells and to provide inlet pipes extending downward

into each cell almost to its bottom.

Feed and automatic regulation of the electrolyte level
in the cells which are hermetically closed by means of a cover,
can be readily attained by using a pressure regulator the design

of which is shown diagrammatically in figure 86,

-8l -
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1 r Feed

water

A

Figure 86, Diagram of regulation of the electrolyte level

in the cell. 1 and 2 - gas bubblers

; Feed water in the necessary amount is periodically charged,
or continuously introduced, into the pressure regulator from which
it passes through the pipes into the cell., The gas bubblers 1 and
2, are positioned in the regulator at a height approximately equal
to that at which it is desired to maintain the electrolyte level
in the cell. The level of the electrolyte in the cell will be
below that of the bubblers by a height difference equal to D h,
The value of > h depends on the density of the electrolyte and the
location of the feed pipe outlet and does not depend on the water

level and gas pressure in the regulator.

Indeed, let us consider the pressure in the pipes to the ; :

4 1 left and to the right of the section f, assuming that the pressure

| |
| - 85 - |
l .
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of the gases in the regulator is equal to atmospheric
Py, =Dy, = 1 atmosphere.
2 2
Pressure of the gases in the cell, with a scrubbing height
h and a density of the feed water j/; is

p'H =p, - 1 atmosphere + hy (31)
2 2

Then the pressure at section f from the left hand side,
if )t is the density of the electrolyte, will be
Pf = 1 atmosphere + hy + h'l Z{‘ (32)

and the pressure from the right-hand side:

Plf = ] atmosphere + h2f+ hlﬁ/ (33)

At the state of equilibrium when the liquid does not flow

in either direction, we have

= P! = ht
Pf Pf l/'“hla/ (Bh)

and

Since,

it follows that,
Anh=h - MY
X!

that is, the level of the electrolyte in the cell will tend to be

equal with that of the bubbler with decreasing difference between
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density of solution in the regulator and that of the electrolyte,

and also with decreasing height hq, that is the distance of the

feed pipe outlet in the cell from the Jlevel of the bubblers.

When ¢ and J” are equal, the level of the electrolyte

will be that of the bubblers, bub cannot exceed that level since )/

cannot be greater than d//. A drop of the electrolyte level be-

low the height hl' cannot occur, because disruption of the state

of equilibrium will be immediately compensated by inflow of water
from the regulator, which will take place until the water level

in the regulator drops below that of the bubblerse

B, Industrial Cells for the Electrolysis of Water

1, Industrial Cell Types and Their Classification

In the practice of electrolytic production.of hydrogen

and oxygen there are being utilized, cells of widely different

designs, which in spite of their apparent dissimilarities can be

segregated into several groups on the basis of design charac=

teristics common to all members of each groupe

Cells of all types can be divided into two basic groups:

monopolar and bipolar, The common feature of all cells in each

group is the system of connecting the cell electrodes to the

electrical circuit.
Monopolar cells (figure 87) have a number of parallel

electrodes 1. One half of these electrodes 1s connected in

parallel to the positive terminal of electrical circuit., These

electrodes constitute the anodes., The other half is cormected in
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the same manner with the negative terminal, These electrodes serve

as cathodes. 1In such a comnection system, each electrode considered

separately has but one polarity, that is, constitutes either an

anode or a cathode,

Figure 87, Diagram of a monopolar cells 1 - electrodes;

2 - box,

Current intensity in the cell is proportional to current
density and the surface of all the electrodes of the same polarity,
while the cell voltage is determined by the difference of potential
of one pair of electrodes (cathode and anode), Therefore the
characteristic electrical feature of monopolar cells is the fact
that current intensity in such cells is always many hundred and

even thousand times greater than the voltage,

Bipolar cells (figure 88), the same as monopolar, have a
number of parallel electrodes 1, which are, however, connected to
the circuit in series. Current is conveyed only to the terminal
electrodes, - the anode 2 and the cathode 3, From the anode the
current flows to the electrolyte, is transferred by the ions to
the intermediate electrode 1, imparting to it a negative charge, : Ef“
passes through it and from its opposite side enters again the
electrolyte, imparting to this opposite side of the electrode a
%; positive charge. Thus the current flows through the entire cell

and reaches cathode 3, The terminal electrodes 2 and 3 are thus

monopolar, while all the intermediate electrodes are bipolar, that
is, one side of each of them operates as a cathode and the other as

an anode,

] - 88 - : §
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Figure 88, Diagram of bipolar cell: 1 - bipolar
Z1gurs o

electrodes; 2 - anode; 3 - cathode; L1 - section.

Current intensity in a bipolar cell depends only on current
density and the surface of one monopolar electrode (anode or
cathode) and does not depend upon the number of bipolar electrodes.
Voltage of the cell on the other hand depends on the gifference of
potential pbetween consecutive electrodes and is directly propor=
tional to the number of pairs of cathodes and anodes. If the
difference of potential between anode and cathode is equal bo 2
volts, then the voltage of the cell shown in figure 88 is equal

to 2 x 6 = 12 voluss

In bipolar cells the characteristic electrical feature is
the fact that their voltage is several times ten, or even several
times one hundred, over that of monopolar cells, while current
intensity is usually considerably smaller. Thus the electrical
capacity of bipolar cells exceeds that of monopolar cells by a

several times ten factor.

Monopolar and bipolar cells can be divided into box cells
and filter-press cells. Monopolar cells are almost exclusively

of the box typee

The essential portion of box cells is a container of any
suitable shape, holding the electrolyte, into which are immersed
the electrodes, The container can be open at the top (in which

case the electrolyte is in contact with the atmosphere) oT closed

by a cover. Closed cells are more complex in construction and of !

-89 = | .
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more costly production than the open ones, but in them losses of gas
are smaller, the electrolyte is protected from impurities (car-
bonization by carbon dioxide of the air), and it is possible to pro-
duce in them the gases under higher pressure, The container, or
box, 2 of monopolar cells (figure 87) is made of iron and must

meet only the prerequisites of mechanical and chemical durability.
Monopolar electrodes of one of either signs may be in contact with
the box, but the box should not be in contact with both the cathodes

and the anodes,

The box of a bipolar cell (figure 88) must be made none
conducting for the electrical current. The electrodes must
partition the space within the box into a number of sections l,
insulated from one another, and which can be connected only through
narrow gas channels and channels for the introduction of feed water
into the sections, Construction of such boxes is costly and com-

plicated,

The essential parts of a filter-press bipolar cell (figure
89) are the steel frames 1, rectangular or circular in cross-
section, and the bipolar electrodes 2, The electrodes are located
between the frames and are separated from them by insulating ana
sealing gaskets 3, Frames and electrodes are tightly drawn to-
gether by means of bolts and form a single cell unit composing

any given number of electrodes,

Further classification of monopolar cells can be made by
type of electrodes, thus subdividing them into cells with simple
plane electrodes and cells with complex electrodes, The latter

group composes most monopolar box cells,

- 90 =
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Figure 89. Diagranm of filter press cell: 1 - steel
Figure -7

frames; 2 - bipolar gelectrodes; 3 - sealing gaskets.
Bipolar filter-press cells can be further subdivided into
cells without external circulation.

Finally cells of all types can be divided into cells
operating at normal. atmospheric pressure, oTr at a pressure

approximately equal thereto, and cells operating atb high pressurese.

2, Monopolar Cells with Simplgﬂ@lectrodes

Cell with Plane Electrodes

External appearance of a cell with plane electrodes
and its internal configuration are shown in figure 90. In an
iron box electrodes 1 are disposed in parallel relation made
from plane, smooth, sheet iron having a thickness of 2 to 3 milli-
meters. The anodes are coated electrolytically with a layer of
nickel to protect the iron from anodic oxidation and to decrease
oxygen overvoltage, which is less on nickel than on iron, The
electrodes are suspended from iron rods 2 connecting them to the
collecting bells 3 which in their turn are supported by lugs
resting on the rim of the box, Rods 2 also serve to conduct the

current and are jnsulated from the bellse

Pigure 90, Cell with plane electrodes: 1 - electrodes;
o . jiron rods; 3 - bells; I - asbestos diaphragms; 5 - collecting

pipes; 6 - manifold pipe lines.
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The mamner of suspending the electrodes and insulating
them from the bells is shown more in detail in figure 91. To the
bell 1 there is welded a spacer tube 2, inside of this extends sus-
pension support 3, enclosed in insulator tube L. Bottom and top
of the suspension support are covered by insulating collars 5 and
6, The electrode is fastened by means of nuts 7 between which is

held the current conveying bus bar 8

Figure 91, Suspension of plane electrode: 1 - bell;
2 - iron spacing tube; 3 - support; I, - isolator tube; 5 and 6 -

isolation bushings; 7 = nut; 8 - bus bar,

To effect separation of gases the cathodes are sur-
rounded by asbestos diaphragms L (figure 90) fastened to the bottom
rim of the hydrogen collecting bells and depending therefrom in the
form of open-bottom bags. Bells 3 are immersed into the electrolyte;
gas pressure within them mst be such as to maintain the electro-
lyte within the bell at 5.7 centimeters above the lower insula-
tion collar, Hydrogen and oxygen rising vertically collect under
the corresponding bells and pass through the outlets into col-
lecting pipes 5 and from these into the manifold pipes 6. The
latter are of zigzag shape to promote cooling of gases and con-
densation of water vapors, Due to the sloping angle of these
pipes, the condensed water together with the entrained alkali
flows back into the cell., The manifold gas pipes are provided
with glass sections with rubber connections, located between each
pair of cells by the provision of which electrical leaks are

obviated, From the manifold pipes the gases pass into scrubbers
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where on pubbling through a layer of water they are freed of alkali..

As the electrolyte an 18-20 percent solution of caustic
soda is used and much less frequently @ solution of caustic potashe
of the cell permits contact of electrolyve with

Oopen construction

the atmosphere as & result of which there takes place @ gradual
carbonization of the alkali by atmospheric carbon dioxide and a
decrease of the conductivity of the electrolytes Therefore ab
periodic intervals, about once every two-three years, the alkali

is being replaced, at which time the cell is also cleaned and in-

specteds

Feeding of water into the cell is done either manually
or automatically from & small pressure tank provided with a con=
stant level regulatore The feed tank is connected through pipes
with the gas scrubbers, so that in these also the water level 1is
maintained constant, thereby ensuring 2 constant gas pressure

within the bell.se ; ;

| In the event of a breakdown, or of insufficient feed
% of water, lowering of the electrolyte level can be readily, and
i suf ficiently early detected because the gases begin to escape 1o ! |
1 the atmosphere, from the cell, This takes place when the :
, electrolyte drops pelow collar 5 and the gases are afforded a

. free outlet, through pipe 2, by the leaky connections provided on

purpose in this method of attacking the electrodess i i

1ife of the diaphragm is, on the average, 5-1 yearse
@ Electrolysis is conducted at a temperature of 60 degrees. In cells

designed for heavy amperage loads, a cooling coil is provided on the

bottom for temperature regulation.

AT S
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Cells are built for 4ifferent loads (from 166 up to
10000 amperes) in accordance with which dimensions and number of
electrodes varye. Cells of 10000 amperes have Ll electrodes; are
1240 millimeters longs 21,00 millimeters wide, and 1270 millimeters
highe Current density is maintained low =- about 350 amperes peT
square meter, however the voltage of the cell even at this current
density is equal to 2,25 volts, while an increase of the load up

to 15000 amperes rises to 2.5 voltse

Diagram of figure 92 shows dependence of cell voltage
on ampere load. Power expenditure with a voltage of 2,25 volts
amounts to 5.l Kilowatt-hours per cubic meter of hydrogen at O
degrees and 760 millimeters of mercury. Purity of the gases:

hydrogen 99.5 percent and oxygen 99,0%.

Voltage
in

volts

Load in thousand of amperes,

Figure 926 Dependence of voltage on load in cell with

plane electrodes,

Figure 93 shows the general appearance of the instal=-

lation; the zigzag shape of the manifold pipes which is characteristic

of these installations can be seen.
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Figure 93e Overall view of installation with plane :
rlglts 72

electrode cells.

Open Cell with Double PlaEE'Electrodes

Figure 9l shows the longitudinal and transversal ver-
tical sections of the cell. This is also an open cell, 2 charac=

teristic feature of which is the simplicity of construction.

Each of the electrodes 1, consists of two plane iron
sheets, 1000 x 1000 millimeters in size and 2 millimeters thick,
parallel to each other and disposed at a distance of 6 milli-
meters. To the electrode is riveted an iron rod 2 by means of
which the electrode is suspended from the gas bell. Each bell
3 consists of a narrow iron box having a small cupola by through
which passes the electrode rod, insulated from the cupola and
fastened by a nut. Bells 3 are supported by lugs resting on the
iron casing of the cell. To the edge of each bell is attached a
diaphragm of asbestos fabric, surrounding the electrode. The
electrodes are located at a distance from one another, amounting
to 50 millimeters ab their centers. In order to retain the plane
form of the electrodes, in view of their relatively small thickness,

the sheets are provided with several embossed ribs 6, which impart

rigidity to the sheets., The anodes are nickel coated,

Current is supplied to the electrodes by means of a
nickel plated copper bus bar 7 and is carried off by a similar bar
from another electrode at the opposite side, The bar is riveted

to the sheets of the electrode and passes through the bell 3, It

\
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is insulated from the bell and the electrolyte by an eternit bush-
ing and cement lining which seal the point of passage of the bar

through the bell and preclude leakage of gas.

Hydrogen collecting in bells L, passes through open-
ing 8, in the upper part of the cupola, and collects in a single
overall collecting bell 9, which covers all of the cupolas of
hydrogen bells L. From the collecting bells the gas passes into
the collecting manifold pipes. In the same manner by means of a

collecting bell 10, is effected the removal of oxygen.

Eiéﬁﬂéwgé' Diagram of cell with double plane elec=
trodes: 1 - electrode; 2 = iron rod; 3 = gas bell; L - cupola
of bell; 5 -~ cell casing; 6 - embossed ribs; T = copper bar;

8 « aperture in bell cupola; 9 - collecting bell for hydrogen;

10 = collecting bell for oxygen.

As the electrolyte a solution of caustic soda or
potash of suitable concentration is used, The level of electro=-
lyte is maintained above the surface of the electrode bells,
Above the surface of the electrolyte are only the cupolas Lo
Gas collecting bells 9 and 10 have their lower edge immersed in
the electrolyte thereby forming a seal for the gases., The large
area of electrolyte in contact with the atimosphere causes, after
2-2,5 years, carbonization of almost one half of the total amount
of alkali in the electrolyte., Carbonized electrolyte is removed
from the cells and is regenerated (causticized) by treatment with
lime, Temperature of electrolyte is maintained at 60 to 70 de=-

grees, Temperature regulation in high-load cells is attained by

- 96 =
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flowing water over the external surfaces of the cell casing. For
this purpose there is installed along ‘the upper edge of the cell
wall a perforated water pipe. The water flows from the cell wall

on the floor and is then discarded to the sewer.

Feed water is supplied to the cells from a common
tank supplying a group of cells and provided with a constant
level device, Electrolyte level is maintained by a float ac-

tuated regulator, each cell being so equipped.

Cells with double plane electrodes are built for
loads of 6000 to 14000 amperes. The 1LO0O amperes cell has 11
cathodes and 10 anodes. The length of the cell is 1080 milli-
meters, its width 860 millimeters, and its height 1220 milli-
meters. Use of double electrodes increases electrolyte circu-
lation, decreasing gas saturation; therefore, in spite of the
plane form of the electrodes and almost double height of the
electrodes, as compared with the plane electrodes described above,
the voltage of the cell with double plane electrodes is somewhat

lower,

Figure 95 shows the dependence of cell voltage on
current density. The cells are usually operated at current
densities of 100=600 amperes per square meter, which results

in voltage fluctuation from 2,1 to 2.3 voltse

Closed Cell with Double Electrodes

Electrodes of this cell consist of two parallel plane

iron sheets welded to two iron current conveyers, The distance

-97 -
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between the sheets of the electrode is about 50 millimeters; that
between the working surfaces of anode and cathode about 12 milli-
meters. The upper part of each sheet is provided with several
apertures to permit circulation of the electrolyte. Anodes are

nickel plated while the cathodes are sand blasted,

Voltage
in

volts

Current density in amp/mz.

Figure 95, Dependence of voltage upon current density,

in cell with double plane electrodes,

The electrodes are fastened to the cast iron or steel
cover provided with partitions forming a single overall bell for
hydrogen and several bells for the oxygen. Oxygen is removed
through outlet pipes from each of the bells, To the oxygen bells
is attached a diaphragm of asbestos cloth. In view of the short
distance between electrodes (12 millimeters) to avoid adherence
of the diaphragm to one of the electrodes small ebonite bolts are
inserted through the cloth in several places and are maintained
i in position by means of ebonite nuts. These bolts are about 12
1 millimeters long, located between the electrodes they hold the
diaphragm in fixed position half way between the electrodes. The |

body of the cell is made of welded iron sheets 3 millimeters thick,

- 98 -
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flanged at the top. The cell cover is bolted on to this flange;

seal is provided by a rubber gasket.

Normal current density of the cell is 600 amperes per
square meter, but due to the decreased distance between electrodes,
amounting to 12 millimeters, and the efficient circulation of elec=
trolyte, attained by the same principle as in the cell having
double plane electrodes, the voltage is of only about 2.05 volts.,
Iow cell voltage makes it possible to dispense with auxiliary
cooling. Spontaneous dissipation of heat through the cell walls
holds the temperature within the limits of LO to 50 degrees.
Caustic soda or caustic potash are used as the electrolyte. The

cells are fed with distilled water, manually,

Small load cells are built for 1200 and 2400 amperes
having three and five electrodes, respectively, but, of course,
the possibility of constructing larger capacity cells is not ex-

cluded.

3, Monopolar Cells with Complex Electrodes

Cell with Louvered Electrodes

The primary and essential purpose of the design of

cells with louvered electrodes is to achieve separation of gases

i
i
!

without the use of a diaphragm.

Arrangement of a cell without diaphragm is shown in

figure 96, Louvered electrodes 1, the construction principle of
which has been described on page 209 [of original document] ter-

minate at the top by wide slats 2, The electrodes are suspended i

“ 99 =
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through insulation bushings 3, from the cell cover L, and held by

nuts. The cover is divided in longitudinal direction by iron

partitions 5, into a number of compartments which serve as gas

bells. The electrodes fastened to the cover are located in the

iron casing of the cell 6.

Figure 96. cell with louvered electrodes: 1 =

1ouvered electrodes; 2 - slats; 3 - isolation; b - cell covers;

g - iron partitions; 6 - iron cell casing; T = outlet pipes;

8 and 9 - manifold gas collectorse

The

electrolyte is maintained at such a level that

the gas bells are immersed into it to & depth sufficient to form

a hydraulic seal, The gases are removed through exit pipes T

and collectors 8 and 9 into a common main., Gas pbubbles on de-

taching themselves from the slats of the electrode rise ver-=

tically and encountering the slat disposed above slide along its

surface into the inner space of the electrode without penetrating

into the space between the electrodes. The saturation of the

inner s pace of the electrode with gas causes intensified cir-

culation of ele

ctrolyte which promotes the sucking=in of gas

bubbles into the inner space of the electrode., The gas emulsion

on rising reaches the interior of the bells: abt the electrolyte

surface the gas

into the intere

On

es separate from the liquid which descends again

lectrode spaces

using louvered electrodes it is possible under

certain conditions to separate the gases without resorting to a

diaphragm. However it is readily apparent that completeness of
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g ; gas separation and faultless operation of such a device will depend

4 to a greab extent upon the maintenance of a constant gas pressure

within the bells. on fluctuation of the pressure the liquid within

g the bells will fall and rise, disturbing the circulation and ex-

pelling the gases from the irmer space of the electrodes into the

area between the electrodes, Good separation is attained only in

{ small cells, ab 1imited loads, that is precisely in those instances

]
2 when it is easy to ensure constant pressure of the gases. In large

; industrial installations fluctuation of pressure always takes

{ place, if only for the reason of different resistances of gas pipe

lines, formation of liquid seals in the pipe lines, unequal gas

removal, and the like; as a result of which operation without a

dizphragm is found to be unsatisfactory.

Therefore in later designed cells louvered electrodes

are retained but only for the purpose of decreasing gas saturation

and to increase the surface areas; %o obtain separation of the

gases the cathodes are surrounded by a diaphragm of asbestos fabric

suspended from the rim of the gas bellse

Cells with Laminar Electrodes

Flectrodes used in these cells consist of a large

number of vertically disposed thin and narrow non strips, §

i
i

fastened together by means of bolts.

A cell of this type is shown in figure 97. The iron

casing 3 is closed with a cover i, sealed either by means of a

hydraulic seal or & flange closure, The cover is provided with

to which are suspended asbestos

: partitions forming the bells

- 101 - “1
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diaphragms closed at the bottom, For the circulation of the elec-
trolyte, small round openings are provided at the lower end of the

diaphragme

Figure 97, Cell with laminar electrodes: 1 - laminar
electrodes (cathodes); 2 - clamping bolts; 3 - iron cell casing;

Iy - cell cover; 5 - rods for suspension of cathodes (current
conductors); 6 - anodes; 7 = lugs for fastening of ancdes;

8 - negative current bar; 9 - gas outlet pipes; 10 - connecting

channel for hydrogen.

Inside the diaphragm bag are located the laminar
cathode 1, suspended from the cell cover by means of rods 5,
which serve as current conductors. Anodes 6 located outside of i .
the diaphragms are fastened by means of bolts and lugs 7 to the
cell casing. Correspondingly the current conducting pbsitive
bus bar is fastened to the cell casing, while the negative one
8, to the cathodic conductor 5, With this system of electrode
attachment the cover has fewer current conductors for the . }
electrodes which simplifies assembling work. Moreover the cover
has fewer sealings, and finally a more even distribution of

current to the electrodes is obtained,

The cell cover has only two gas outlets 9: the
right-hand outlet for oxygen, which collects between the hydrogen
bells, and the left-hand outlet for the removal of hydrogen; to |
make this possible all the hydrogen bells are connected inside i

the cell by channels 10, Z
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As the electrolyte there 1s used a solution of caustic

soda or caustic potashe Due to the closed construction of the cell,

the electrolyte is not in conbtact with the atmosphere and is not

carbonized. Increased surface of the electrodes makes it possible

to operate at high current densities, The cells are built for

loads up to 18000 amperes. Average voltage of the cell at a

10000 amperes load is 2.19 volts. Purity of the gases: hydrogen

99,5-99.9 percent, and oxygen 99,5 percent.

Cells can be installed in series of 250-350 cells with

a current feed of voltage from 500 to 700 volts. To save floor

space the cells can be installed in several tierse

A somewhat different construction of a cell of the

same type 1s shown in figure 98, This cell operates at very

high current density, and accordingly the electrodes are

positioned very closely together and provision is made for in-

tensive electrolyte circulation, The cell casing 1 is hermetically

closed by cover 2 bolted to the casing flangese. Welded to the

cover is a single oxygen bell 3. To the flanged rim of the bell

is fastened 2 rectangular iron frame L having welded on sections

S of angle iron forming an inversed trough. To the angle iron

ledge are fastened by small polts diaphragm bags 6, open at the

bottom, and made of asbestos fabric, which surround the anodes Te

Anodes and cathodes are assembled of iron strips 11,

which are 25 millimeters wide and are 0,25 millimeters thick in

the cathode and 0.63 millimeters thick in the anode. Round

protuberances are embossed on the strips, their height being 1

millimeter in the cathode and 1.59 millimeters in the anode, which
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maintain the strips at an equal distance from one another, The
cathode consists of 600 strips and the anode of 220, After being
assembled the anodes are nickel plated. The strips are welded at
one end to the current conductor plates 8, The entire electrode
is also held together by two bolts passing through suitable
apertures in the strips. The electrodes are suspended from the
cell cover by means of iron rods which are welded to the current
conducting plates 8, TLocation of the rods which serve also to
conduct the current is such that the rods supporting the anode

are within the bell while those of the cathode are outside of it.

E}EEI§_2§: Cell with slat electrodes for high
current density operation: 1 - cell casing; 2 - iron cell cover-
3 - common gxygen bell; L - iron frame; 5 - sections of angle irong
6 - diaphragm bags; 7 - anodes; 8 - current distributing plates;
9 - gas scrubbers and coolers; 10 - empty diaphragm bag; 11 - iron

electrode strips.

The anodes, as was mentioned, one located within the
diaphragm bags, hence the oXygen passes inside the bell., The
rising hydrogen is led by the angle iron trough into the space
between the bell and the cell casing. The gases then pass into
serubbers and coolers 9. Here the gases are cooled, are freed of
alkali and then pass into the manifold pipe lines, Water which
condenses in the scrubbers flows off through syphon tubes ex-
tending to the bottom of the bell and is returned to the cell

into the cathodic or the anodic section respectively.

- 104 =
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Forced circulation of electrolyte 1is produced in the
cell by the use of an empty diaphragm bag 10, which hangs parallel
to the electrodes from the edge of the bell. The electrolyte
separated from the oxygen, flows through the bag to the bottom of
the cell, displacing from the space between the electrodes the

lighter electrolyte containing gas bubblese

The electrolyte used is a solution of caustic potashe
The bell is immersed in the electrolyte to a depth sufficient to
ensure formation of an adequate hydraulic seal., Distilled feed
water flows into the cell through an inlet pipe welded to the cell
casing. Lowering of the electrolyte level below the normal 1limit
is detected by the noise caused by the gas escaping through the ]
syphon tubes into the scrubbers 9, Electrolysis is conducted abt

55-65 degrees.
Cell with Mesh Electrodes

Characteristic features of this cell (figure 99) are
the design of the electrodes and the method of gas removal from
the cell, Electrodes 1, are made of a double iron screen welded
to the current conducting plate 2. At the bottom the screens are
welded to a small channel iron bar, and have to increase their
rigidity, several spacers 3e Dimensions of the electrodes are:
height 1300 millimeters, width 1000 millimeters, thickness 50
millimeters. The iron mesh of the anodes is nickel plated. The
electrodes are supported by ten current conductors from the gas

collecting bells and are electrically insulated from the bellse
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Figure 99 Cell with screen electrodes: 1 - screen
electrodes; 2 - current distributing plate; 3 - screen spacers;
L - lugs supporting gas collecting bells; 5 - outlet pipes for
oxygen and hydrogens; 6 - collecting pipes for the gases; T = Ver-=
tical extensions of collecting pipess 8 - bell pockets; 9 - bell
run strip; 10 - manifold gas Pipes; 11 - rubber sections for in=

sulation of cells from pipe linese

Gas collecting bells are supported by lugs i resting
on the rim of the iron cell casinge The cell casing has two
welded in outlet pipes 5 for the removal of hydrogen and oxygens
Inside the cell to these outlet pipes are welded collecting pipes
6, provided with vertical extensions To The number of these ex-
tensions in the oxygen collecting pipe is equal to the number of
the anodes, in the hydrogén collecting pipe it is equal to the
number of cathodese Each bell has a pocket 8, into which pro=
jects the extension of the gas collecting pipee The hydrogen
collecting bells support the diaphragm which is open at the : |
bottom, The diaphragm is fastened to the bell by bolts and
shaped strips 9, Oxygen collecting bells have 1o diaphragm
and are somewhat shorter than the hydrogen bells. The bottom
edge of the oxygen bell extends below the upper rim of the strip
9, This prevents the escape of a portion of the oxygen into the

space between two adjacent bellse

Gases collecting within the bells pass through the
pockets and outlet pipes 7 into gas collecting pipes 6 and then

through an inlet pipe enter the menifold gas pipelines 10, i

supported by the cell casing. To avoid leakage of current, the
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cells are insulated from the pipeline by rubber inserts 11.

The electrodes are maintained at a distance of 65
millimeters from each other at their center, which with a 50
pillimeter thickness of the electrode corresponds to a distance
of 15 millimeterq between cathode and anode surfaces, The cell
operates at a current density of L50 amperes per square meter
and at a temperature of 65 degrees; the voltage under these con-
ditions is of 2,05-2,1 volts. The load of the cell is 5000
amperes, This load can be increased, of course, if the number

of electrodes is increased,

In comparison with other cells of the open type
the cell possesses the advantage that due to the original method
of gas removal it is most readily assembled and dismantled and
has an extensive electrode surface; but in comparison with a cell
having double plane electrodes, the circulation of electrolyte is
not as good. The difficulty of producing a good deposit of nickel
on an iron screen results in a gradual dissolution of the iron
anodes, a progressive metallization of the diaphragm and for-
mation of a spongy iron deposit on the cathodes, Metallization
of the diaphragm, resulting in obstruction of the pores by the
iron deposit, increases its resistance and makes it necessary to

wash periodically the diaphragn,
Cell V-3

In the USSR cells have been designed of several types
for different loads., Cell V-3 with double perforated electrodes
is intended for use at large hydrogen producing installations and

is accordingly designed for a load of 14000 amperes.,
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The arrangment of the cell is shown in figure 100.
The cell casing 1 is of welded sheet iron 5 millimeters thick
and it is provided at the top with an angle iron flange. The
cell is closed hermetically by a bolted cover, sealed by means of
an asbestos-rubber cement gasket coated with asphalt. Fastened to
the cell cover are 21 electrodes: 10 anodes and 11 cathodes,
The anodes are located inside the gas collecting bells 15,
welded to the cover, and are surrounded by an asbestos diaphragm
which is attached to the bottom rim of the bells by means of

strips and bolts,

Oxygen passes from the bells into collecting pipe
2, the hydrogen from the space between the bells into the parallel
pipe 3. The hot and moist gases carrying droplets of electrolyte,
pass for cooling and scrubbing into small columns L, which are
identical in construction for both the hydrogen and the oxygen,
The gas scrubbing colunns are supported directly on the cell
and consist of an iron cylinder 150 millimeters in diameter
and 1000 millimeters high. Inside the column is a cooling coil
5, a gas bubbler 6, and a screen 7, for breaking up the foam,
From collecting pipe lines 2 and 3 the gases having a temperature
of about 70 degreeg enter into their respective scrubber {under
the bubbler)., The gases then pass through a layer of water (or
more accurately a weak alkaline solution) filling the scrubber;
thus they are washed free of droplets of entrained alkali and

cooled to 30 degrees., The cooled gases pass through screen 7

and into the corresponding manifold pipe lines 8,
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Figure 100, GCell y-3: 1 - cell casing; 2 - col-
ez
lecting pipe for oxXygen; 3 - hydrogen pipe; L, - column for gas
scrubbing; 5 - cooling coil; 6 - gas bubbler; 7 - foam breaking
screen; 8 - gas pipe manifolds; 9 - cooling coils; 10 - water
pipeline; 11 - cooling water pipes; 12 - sewer discharge; 13 and

1), - cooling water valves; 15 - gas collecting bells.

To maintain the temperatﬁre within the cell at the
normal level of 70 degrees the cell is equipped with two cooling
coils 9, through which circulates cooling water which flows from
pipe 10 through two parallel pipes first into the coils of the
scrubbers and then through pipes 11 into the cooling coils of the
cell; from the coils the water is discharged through a funnel
into sewer pipe 12. Cooling water system is provided with valves
13 and 1l by means of which cooling of the cell can be cut out and

only the scrubbers cooleds

The gas scrubbers, as described on page 21L [of
original document] serve also concurrently for automatically
supplying the cells with distilled feed water, for maintaining
the electrolyte level at the proper height, and for equalizing
hydrogen and oxygen pressures within the bells. The cell can
operate with gas pressure fluctuations in the manifold collectors
up to 500 millimeters of water column height, Under such con-
ditions, inside the cell the pressure of hydrogen and oxygen
remains at a constant value equal approximately to 600-650

millimeters of water.
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Design of the electrodes of cell V-3 (figure 101),
giffers somewhab from the designs of previously discussed elec-
trodes., The electrodes, anodes and cathodes, consist of two
perforated iron sheets, 2 millimeters thick, measuring 1000 X
1000 millimeters, disposed at a distance of 30 millimeters from
each other. The sheets of the electrode are welded to three iron
current conductors le Tnto the top part of the current conductors

are screwed copper pins 2 by means of which the electrodes are

fastened to the cover and the current is led in. At the point of
passage of current conductors through the cover, seals and in-
sulation of conductors from the cover, are provided by asbestos=-
rubber cement washers 3 and vulcanized fiber bushings b, fitted

over the lead in pins,

Figure 101, Electrodés of cell V-3: 1 = iron current
e o=
conductors; 2 - copper pins; 3 - asbestos-rubber cement gasketls;

), - fiber bushings.

As is apparent from the description of monopolar cells,
the amount of power needed in their operation does not exceed 35-10
Kilowattse Consequently at large hydrogen producing installations
there are in operation several hundred individual units, which re- g
quire a large area of buildings, large expenditures for leads,
installation of long pipe lines and finally complicates servicinge
On equipping small installations with mifnopolar cells there arise i
difficulties with selection of direct current sources, since they :

| require current of high intensity and relativeiy low voltage. In

stallation of mechanical converters of such‘characteristics is i

costly, and the machines themselves require much space. The use ; |
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of mercury rectifiers is here not expedient because of their poor

efficiency in low voltage operations, :

Therefore in spite of the very simple construction,
ready assemblage and maintenance of the monopolar cells, in recent

years the bipolar cells are being utilized increasingly more often.
Lo Bipolar Cells
Box Cell

The main difficulty in the construction of a bipolar
box cell is the arrangement of the box which must not be a con-
ductor of electricity. In the cell of figure 102, the box con-
sists of separate frames 1 and 2 bent to a rectangular U-shape.
The channels of frames 1 face inwardly those of frames 2 toward
the exterior of the box. The frames are positioned in such &
manner that their channels overlap bub are not in contact with
one another., To the terminal channel-iron frames are welded
iron sheets 3 and L which form the end walls of the box. The
space between the frames is filled with special composition con-
crete which holds the frames together and renders the box im-
permeable to water. In more recent designs between the side walls
of the frames are inserted rubber gaskets in lieu of the concrete
and adjacent frames are separated from each other by wooden edges.,
Thus a single opentop box is formed, the side walls and bottom do
not conduct the current because the frames which form them are

insulated from one another, Into the grooves between adjacent

frames 2 are inserted bipolar electrodes 5, and stretched over ﬂ

frames, diaphragms 6, 2

I
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Figure 102, Box cells 1 and 2 - channel bar frames;
3-l - iron sheet forming end walls of box; 5 - bipolar electrodes;
6 - diaphragms; 7-8 ledges of angle iron; 9 - parts of electrodes
consisting of offset sheets; 10 - perforated asbestos fabric;

11 - gas collecting bells.

Bipolar electrodes 5 consist of a solid iron sheet
provided at the top with two angle iron ledges 7 and 8, and of
two offset perforated sheets 9, Terminal monopolar electrodes
have but one offset sheet each, The diaphragm frame holds an
asbestos fabric., The frame is also provided at the top with two
angle iron ledges, Electrodes and diaphragm frames are insulated
from the channel bar frames by an asbestos cord packing., The cell
is divided by the diaphragms into separate sections each of which

contains one bipolar electrode.

On the ledges 7 and 8 of each adjacent frame and

electrode is placed, as a seal and for electrical insulation,

a piece of asbestos fabric 10, provided with apertures, On the
asbestos fabric are placed gas collecting bells 11, within each
of which accumulates the gas from each offset sheet of a bipolar
electrode., Electrolyte is charged to the cell up to a level such
that the bottom rims of the bells are immersed therein so as to
form a hydraulic seal, From the bells the gases pass through

connecting pipes into collecting pipes from which they pass into E

alkali separators which can be seen in figure 103, and then into

manifold collectors.
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Figure 103, External appearance of box cell,

Temperature of the electrolysis is 60-70 degrees.

With a current density of about 500-600 amperes per
square meter, the voltage across one section is about 2,1-2,2 ?
volts, To maintain; under these conditions, the temperature at  € 4 ;
60 to 70 degrees, it is necessary to cool the cell, This is done
by placing the cell in a wooden box through which flows cooling

1 water,

The yield, on the basis of current, is of only about
88-90 percent, due to electrical leaks and losses of gases, The

] purity of the gases is: 99.8-99.9 percent for hydrogen and 98-
. 98,5 percent for oxygen. Expenditure of power at a current den- |
sity of 500 amperes per square meter, and‘using caustic potash, : ;

is 5.7 Kilowatt-hours per cubic meter of hydrogen (at O degrees
and 760 millimeters of mercury), and at a double current density

~-=- about 6 Kilowatt-hours,

Box cells are built for current intensities up to
1500 amperes. A cell for 800 amperes consists of 15 electrodes
and 1L diaphragms with the central electrode sheet measuring
i 1100 x 990 millimeters and a box of the size 2000 x 1350 x 1800

millimeters, The cell voltage amounts to 27 to 30 volts.

1 Multiple tier Cell

8 Another type of bipolar box cell is the multiple

tier cell, Essentially this cell consists of a combination of

- 113 =
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several monopolar cells disposed one above the other,

Figure 10l shows a double tier cell, The electrodes
1 are fastened at the bottom of each cell, while the electrodes 2
are suépended since they are fastened to the bottom of each of
the cells locabed above them, Only the electrodes 2 are provided
with gas bells 3 and diaphragms i, Gas from the bells collects
in the space above the intermediate bottom 5, while the other
gas collects in the space below the intermediate bottom, The
iron casing of each cell rests upon the casing of the cell below

it, with an insulation packing being inserted between them,
Figure 10l, Multiple tier (double) cell,

1 and 2 - electrodes; 3 - gas bells; L ~ diaphragms;

5 - intermediate bottom.

The cells can comprise as many as ten tiers, which

greatly reduces floor space occupied by the installation,

Current is led in through bus bars only to the bottom
cell of the column, and is conveyed from the top cell to the top
cell of the adjacent column, Each colum, with a rated load of
6l00 amperes, covers an area of about 5.6 square meters, including
the necessary service space, Height of a 10-cell column is of

about 8,5 meters,

Filter-press Cell with Plane Electrodes

The first industrial embodiment of bipolar filter press i
cell was not extensively used because of defects which caused con-

siderable electrical leakage and mutual contamination of the gases,

i,
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Following design improvements bipolar filter press cells

‘kv
: have found wide utilization.
i

Figure 105 shows plan and side views of the filter press

cell,

) é Figure 105, Filter press cell with plane electrodes.

: 1 - electrode; 2 - clamping bolts; 3 - stationary plate;

I, - mobile plate; 5 - gas separating column for oxygen;

6 - gas separating column for hydrogen; 7 = cooler;

8 - gas removal pipes; 9 - insulators.

f The electrode 1, consists of a plane iron sheet, up
to 2 millimeters thick, nickel plated on the anode side, At the
i upper part of the electrode are provided apertures for the passage
of gases, and at the lower part apertures for a flow of the electro-
lyte and its passage into the cathode and anode compartments of the
sections. The diaphragm frame is made of channel iron, Held in
the frame is a diaphragm of nickel foil 0,1 millimeters thick,
with numerous apertures‘(900-1000 per square centimeter) less than
0.1 millimeter square in size. The upper part of the diaphragm, }
above the electrolyte level, is not perforated to avoid mixing of

the gases.

] The diaphragm frame has also apertures for the passage

of gases and electrolyte.

Electrodes and diaphragms are disposed in alternating i i
order, To provide electrical insulation and a hermetic seal be= i ]

tween them, asbestos cord saturated with asphalt is used as a packing.
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A number of thus arranged electrodes and frames is tightly connected

into a unit, similar to a filter press, by clamping bolts 2, with i
thick terminal steel plates, plate 3 fixedly connected to the base, E
and plate L which is movable on rollers along a slideway. Each

diaphragm frame with the adjoining electrodes constitutes a section

with a diaphragm. Apertures in electrodes and frames form, lengthe=

wise through the entire cell, two gas channels at the top and two

chamels for the electrolyte at the bottom,

Gases formed in the sections together with electrolyte
foam enter the corresponding channels and passing through apertures
in plate 3, enter the gas separation columns 5 and 6, for oxygen
and hydrogen, respectively. The gases rise into the upper part of
the columns, where they are washed free of electrolyte drops, by
being bubbled through a layer of distilled water, after which they
pass through pipe lines into collectors. The hot electrolyte freed
of gases flows down into cooler 7, in the lower part of columns 5
and 6 and after being cooled enters the lower channels of the cell

and through these into the individual sections,

Thus the electrolyte circulates continuously through
the cell and the gas separation columns, This circulation is in-
duced by the difference in density between electrolyte in sections
of the cell and in the cooler 7. 1In the sections the electrolyte
has a lower density because of gas saturation and is thus dis-

placed by the heavier column of electrolyte in cooler 7. Due to

the circulation of electrolyte excess Joule=-effect heat is dis=-

sipated from the cell and temperature within the cell is regu-

lated, and also with sufficient circulation velocity the gas

saturation is decreased,
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i ; Feed water is supplied through a funmel into the 5:;
upper part of the gas separation columns, where it is utilized

first to scrub the gases and is then combined with the electro-

lyte in the cell.

The gas separation columns being connected with each
other by a pipe, also serve as gas pressure regulators. On con-
siderable lowering of the electrolyte level in one of the gas
separation columns because of a pronounced difference of hydro=-
gen and oxygen pressures, the gas escapes to the atmosphere
through pipe 8. The same pipe connected by means of a three-
way cock with the gas pipe lines, is also used to release in-

3 sufficiently pure gases into the atmosphere.

The cell is installed on insulators 9 and rests on
them supported by the lower clamping bolts, Every tenth elec-
trode rests on these bolts through two lugs and underlying in-
sulation pads. The remaining electrodes and frames are held
in position solely by compressions Terminal plates and clamping
bolts are insulated from one another from the frames and the
electrodes, Current is supplied only to the terminal electrodes.
The number of sections as well as their diameter depends upon the

output of the cell.

é In large models the number of sections reaches 115,

i With 88 sections with electrodes 1.8 meters in diameter the length
of the cell is 8 meters and its height, measured from the floor,
2.5 meters, With an average voltage of 2,5 volts, across one

section, the cell voltage amounts to 220 volts. The cells operate

i
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at current densities from 650 to 700 amperes per square meter and

at a temperature of 65-80 degrees.

As the electrolyte, a 28 percent solution of caustic

potash is used, With the cell in a good condition, voltage across

a section is of 2,35-2,1 volts, In the course of operation pores
of the diaphragm become clogged and voltage increases to 2.5 or
even 2.6 volts. Purity of gases: hydrogen 99,2-99.6 percent, and

oxygen 98-98.7 percent.

Figure 106 shows the external appearance of the
filter press cells, Usually into one bank are connected, in
series, two cells, supplied with current of 1000 to 1500 amperes
and a voltage of LOO to 500 volts. Qutput of a 106 section cell
with a 1500 amperes load amounts to 65 cubic meters of hydrogen

per hour.

Figure 106, General view of filter press cell z

installation.

| ' Cell with Offset Electrodes

Successful operation, in practice, of filter-press
cells with plane electrodes and increasing demand for pure

hydrogen have prompted further improvements of bipolar filter

press cells, aimed primarily at increasing their output and the

current density.

Figure 107 shows diagrammatically electrolytic units

with off-center electrodes of a high output cell producing up to t

500 cubic meters of hydrogen per hour. Each section consists of a
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steel diaphragm 1, of rectangular cross section approximately 2300
x 1650 x 50 millimeters, made from iron bars of a special complex
T-like cross section design, welded together, To the ledge 2, of
the bar is fastened by means of steel strips and rivets, the dia=-
phragm 3 made of heavy asbestos fabric, containing for added
strength interwoven nickel-steel wires, Electrode Ly consists of
the basic electrode -- a solid steel sheet 5 millimeters thick, and
two offset electrodes -- perforated sheets 5 and 6 each 3 milli-
meters thick which are fastened to the middle sheet with tie rods.
The offset electrode forming the cathode is attached at a greater
distance from the middle sheet than the other offset electrode
forming the anode. The different spacing of the offset electrodes
corresponds to the difference in volume of hydrogen and oxygen
formed on the electrodes. At the top of the frame are provided
openings for removal of gases into which are welded steel pipes 7.
To the ends of these pipes ére welded steel rings 8, forming the
collector channels for the gases, Between frames and the middle
sheets of the electrodes, and also between the rings are inserted
insulating sealing gaskets. On clamping the frames together by
means of bolts, the sections are sealed hermetically, that is no

leaks of electrolyte occur at the points of junction,

Figure 107, Section of cell with offset electrodes,
1 - steel diaphragm frames; 2 - ledges; 3 - diaphragm;
i - electrode of solid steel sheet; 5 - offset per-
forated electrodes; 7 - steel pipes for gas removalj

8 - steel rings.
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The assembled cell is shown in figure 108, In the
middle chamber intended for the cooling of electrolyte and
separation of the gases therefrom, On both sides of the middle
chamber are located the electrolytic sections 1, held together by
four clamping bolts 2, between the compression plates 3. Steel

disk springs L, ensure the resilience of the entire system,

Figure 108, Cell with offset electrodes in assembled
condition: 1 - electrolytic sections; 2 - clamping bolts; 3 -

pressure plates; LI - steel disc springs; 5 and 6 horizontal gas

1 collecting cylinders; 7 - pipe connecting cylinders with gas
cupolas; 8 - outlet pipes; 9 - three-way cocks; 10 - pipes lead-
ing to collecting bells; 11 - pipe leading to atmosphere; 12 -
insulating glass section; 13 - reservoir for compensation of

] electrolyte volume increase; 1L-15 ~ porcelain insulators; 16 -
; filter for electrolyte purification; 17 - feeding channel; 18 -
pipeline with valve; 19 - bus bar for conveying current to ter=-

minal electrodes,

In the cell are distributed horizontal gas collecting
cylinders 5 and 6, for the scrubbing and cooling of the gases,
connected through pipe 7 with the gas cupolas of the middle
chamber, To the gas collectors are welded connecting pipes
8, with three-way cocks 9, which make it possible to pass the
- gases either into the assembly collectors through outlet pipe 10,
or to discharge them into the atmosphere through pipe 11. The
iron outlet pipes are fitted with glass insulating sections 12,

to prevent current leakage., At the bottom, under the gas collecting
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cylinders is located reservoir 13 for compensating volume increase
of electrolyte caused by gas saturation on starting operation of
the cell.s The cell is placed on procelain insulators 1L, onto

which rest the two lower clamping boltse

These bolts support the diaphragm frames each of
which rests on two porcelain insulators 15, which can slide along
the bolts when the cell is being assembled. Below the middle
chamber is installed filter 16, for purification of the electro=-
lyte from extraneous admixtures such as, for example, fibers of
the diaphragm and the like adventitious impurities. For intro=-
ducing the cooled electrolyte from the middle chamber into the
sections, use is made of feeding channel 17 with which is con-
nected each of the sections, Cooling water is supplied, and also
drained, through pipelines equipped with valves 18, Current is

conveyed only to the terminal electrodes through bus bars 19,

A cell having an output up to 500 cubic meters of
hydrogen per hour consists of 160 sections, and is 12 meters
2 long, 2.6 meters wide and 5 meters high, At a current intensity

of 7500 amperes the current density is 2500 amperes per square

meter, On using as electrolyte a 26-27 percent solution of

caustic potash and at a temperature of electrolysis of 75-80

‘degrees, voltage across a section amounts to 2,18-2.2 volts }
which gives a voltage across the entire cell of about 350 volts

and an input of approximately 2000 kilowatts. Power expenditure

amounts to 5.32-5,37 Kilowatt-hours per cubic meter of hydrogen,

|
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Cell Without Electrolyte Circulation

A cell without circulation of the electrolyte while ﬁf |
retaining all the advantages of modern filter press cells, is : ' |
favorably differentiated from them by its simplicity of con=-
struction. Sections of the cell are made of ordinary channel
bar iron; external circulation of electrolyte is absent; as
diaphragm there is used a heavy asbestos cloth which contains

no nickel wires,

Figure 109 shows the diagram of a cell without
electrolyte circulation. The essential part of the cell is
the diaphragm frame 1, welded from ordinary channel iron in , i
such a manner that the upper and lower bars have their channel
sides facing inwardly, while those of the lateral bars face
outwerdly. Inside of frame 1, there is welded-on, a second
frame made of iron strips, to which is fastened the diaphragm : ‘ f
2. The diaphragm consists of strong, tightly woven asbestos ‘: ]
g fabric, riveted to a separate frame which is bolted to the

inner frame of the channel iron unit,

Figure 109, Diagram of cell without electrolyte
i circulation: 1 - diaphragm frame; 2 - diaphragm; 3 - short iron
pipes; L - middle sheet of electrode; 5 - offset perforated i {

electrode sheets; 6 - level regulator; 7 - glass tubes; 8 - iron Y i

collectors; 9 - water pressure tank; 10 - water feed pipe line,

B —

\
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For removal of gases there are provided in the upper
part of the frame, on both sides of the diaphragm, apertures into
which are welded short iron tubes 3. Between each pair of dia-
phragm frames there is claé%d, between rubber gaskets, a bipolar
electrode, consisting of a middle iron sheet L, and two offset
perforated sheets S, The anode surface of the electrode is
nickel plated, while the cathode is subjected to a special

treatment for decreasing the hydrogen overvoltage.

Frames and electrodes are clamped together, between
two cast iron plates, by means of steel clamping bolts. The cast
iron plates have large apertures for current lead-ine The ter-
minal electrodes have welded-on heavy iron rings to which are

fastened by means of bolts, the current conductors.

The sections are filled with electrolyte not fully
but to such an extent that there remains in the section suffi-
cient free space for the separation of the electrolyte from the
gases, Commingling of the gases is avoided by making the upper
ledge of the imnmer frame, to which is fastened the diaphragm,

guite wide and immersing its lower edge in the electrolyte,

The gases leaving the sections through outlet pipes
7, which are held in rubber sleeve comnections, flow into iron
collectors 8, and are removed from the unit for scrubbing and

cooling,

Feed water from the small pressure tank 9 is ad-
mitted through pipe line 10, extending within the hydrogen

collector, The water is fed into the cathode space of each
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section. The water feed is effected autometically by means of level
regulator 6, the float of which is commected with an electrical
contact and relay. In order to maintain equal level in all the
sections, the lower part of the middle sheet of the bipolar
electrodes is provided with apertures. Since no external cir-
culation of the electrolyte takes place in the unit, cooling of

the cell is effected almost exclusively through the external

walls, which is made possible by the large finned surface of the

lateral walls,

External view of the cell is shown in figure 110,
wherein the fins of the diaphragm frames can be readily seen.
To increase the coefficient of heat emission from walls to the
ambient atmosphere the cell is enclosed in a dismountable iron
housing, out of which the warm air is being drawn off and re-
placed by cooler outside air flowing in from the bottom. High
rate of flow of air passing between housing and frame fins
considerably incresses heat dissipation and makes it possible

to operate at high current densities.

Figure 110, External view of cell without elec~

trolyte circulation.

A cell having an output of 36 cubic meters of
hydrogen per hour, operates at a load of 1500 amperes and has g
the following dimensions: length 5150 millimeters, width 1650

millimeters, height 2350 millimeters; electrode dimensions,

1650 x 1650 millimeters. Distance between the offset electrodes

is about 5 millimeters. i
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As the electrolyte, & solution of caustic potash 18

used; temperature of electrolysis 80 degrees. At current density

of about 600 amperes per square meter, voltage across a section

is of only about 1.8 volts; at a current density of 1500 amperes

per square meter the voltage across a section is 1¢95 voltse

D, Electrolysis of water under pressure

1. General data and theoretical fundamentals

On electrolysis of water in a hermetically sealed
vessel, pressure of evolved gases will rise up to the moment
when the volume of newly formed gases is equal to the volume of
water being decomposed. Compubation shows that this equality of

volumes is attained at a pressure of about 2000 atmospheres.

Thus by electrolysis in a suitable apparatus, it is
possible in theory, to obtain hydrogen and oxygen under very high

pressure, Such a method of operation is of great practical in-

terest,

The practical significance of electrolysis under

pressure is still further enhanced due to the fact that voltage
across the cell is not increased in comparison with electrolysis
under normal pressure, and under certain conditions is even

somewhat decreased.

Figure 111 shows graphs indicating the dependence

of cell voltage on the pressure.
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Voltage
in

volts

Pressure in atmospheres

Figure 111, Dependence of cell voltage on pressure,

It can be seen from this graph that the most pronounced
voltage decrease takes place at high current densities and within
the area of pressure increase amounting approximately up to 30-LO
atmospheres., With current intensity of 1500 amperes and pressure
increase up to LO atmospheres, there is observed a voltage de=
crease of 0,33 volts; and on further rise of pressure, from LO
to 200 atmosphere an additional voltage drop of 0,07 volts tekes

place,

Thus it can be contended that in electrolysis under
pressure power expenditure, per cubic meter of hydrogen, not only |
does not increase by the work expended in compression, but even
some saving of power is attained in comparison with electrolysis

at a normal pressure,
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This assumption, however, is not always substantiateds
Experimental data are available which show that with increased
pressure, there oceurs concurrently with a voltage decrease also
s lowering of yield on the basis of the current. (See for in-

stance Table 25)e

Table 25

Decrease in yields on the basis of the current with increasing

pressure
Voltage across Yield on the
3 Pressure; the terminals; basis of current
; atmospheres in volts in Percent
é 1 1,84 100
100 2.2U3 95.5
120 2,292 L7
140 2.343 oh.l

Dependence of Theoretical Decomposition Potential on the

Pressure
IZes s

ﬂ on considering the process of electrolysis under pressure |
it appears natural to expect an increase of the voltage, since the

process of compression must require expenditure of energy. Hence

absence of voltage increase, and even more so a decrease of voltage,

appear strange and difficult to understand,

D - n - o i
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This inconsistency is dispelled, however, if one re-
calls that the voltage across the cell consists of the value of
due to irreversible

reversible potential and potential losses
8 phenomena, such ass overvoliage ab electrodes, ohmic resistance
of electrolyte, and so forth., Upon the various voltage components
the pressure factor may have 2 different effect, either increasing

or decreasing them,

Effect of pressure upon the reversible potential is

elucidated on the basis of the laws of thermodynamicse

According o the formula of Nernst reversible po-

tential of hydrogen electrode 1s

EY = - 0,0002T 1g Py
= & (35)
2
P,
that of the oxygen electrode:
Ev = 0.,0002 1g Po, .
o (36)
Po

whereln PH2 and p, ~ are the pressures of gaseous hydrogen and
2

' oxygen, respectivelye

Thus the electro-motive force of the nydrogen~-oxy gen

cell is,
‘ E = EM - B' = 0,0002T (‘1 po P
i = E" - B! = e g 02 H
: 0:00021 (1€ 22+ 21g %) (1)
PO 2- P
H+
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Subtracting therefrom the electromotive force, for another, lower

gas pressure PO and pg , we have the alteration of electromotive
2

Hy
force on passing from pressure p to pO:
' p P 2
- 202 0,0002T (lg O P p
E-F -O——-E-—~(g_.2-+21g Hp y = 0.0002T 1g 0p x Mo
po 0 L 0 0
02 sz P P 2

02 X H2 (38)

If hydrogen and oxygen are under identical pressure,

that is, if:

sz = P02 =D
and
pg =p) =p0
2 2
then

0 .
E-E = 3 x0,0002T x1lg p
L

pO

At 18 degrees change of electromotive force of the

hydrogen~-oxygen couple will be equal to:

E - E0 = 0.04351g P
0
It iiﬁfp arent therefrom that on change of pressure,
amounting to a tetaolyd one, that is from 1 atmosphere to 10

atmospheres or from 10 atmospheres to 100 atmospheres, reversible

potential increases by 0.0435 volts,

Consequently the observed decrease of the voltage
across the cell must take place as a result of decreased loss of

energy consumed by irreversible processes,
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As the basic factor there is being pointed out decreased
electrolyte resistance as a result of lowered gas saturation, since
the gases being under pressure occupy a smaller volume, Further-
more it is also pointed out that considerable effect is produced
by depolarization of electrodes by dissolved gases, the solubility
of which increases with increasing pressure; this is connected

with the observed decrease of yields on increasing pressures

2, Practical Application of Water Electrolysis under

Pressure

Attainment of electrolytic hydrogen and oxygen production
under high pressure (50-200 atmospheres) on an industrial scale
is hampered by construction and economic difficulties which up }
to now have not been overcome, The difficulties consist mainly
in this, that to build cells which operate at high pressure, it
is necessary in order to ensure their strength, either to use
large quantities of metal or to construct small volume cells,
and consequently to utilize a great number of them. In the
former instance, expenditures required for a long installation

are not compensated for by the saving of electrical power thus

attained; in the second instance it is difficult to service a

large number of small units and to control their operation,

As can be seen from figure 111, greatest saving of power
is obtained on electrolysis at a pressure up to LO atmospheres.
Consequently there are no economic inducements to strive for a
further increase of pressure, especially since power expenditure
to effect compression, is in accordance with gas laws about the

same, regardless whether the gas is compressed from 1 to 10
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atmospheres or from 10 to 100 atmospheres, or from 20 to 200 atmos-

rheres.

From this standpoint it is economically advantageous to pro-
duce by electrolysis gases at relatively low pressures (10-20 at-
mospheres) and to use compresSsors for bringing them to a higher

pres SUre.

Up to the present time almost all of the proposed designs

of high pressure cells have remained unutilized.

Figure 112 shows the overall view of the cell (A) and the
diagram of an installation (B) devised in the USSR for the pro-
duction of hydrogen and oxygen at pressure up to 8-10 atmosphere,

for use in cubting and welding of metalse

Figure 1124 Tnstallation for production of hydrogen and
fierm —o
oxygen under pressure: A - overall view of cell; B - diagram of
installation; 1 - gas separation columns; 2 - gas scrubbers;
3 - gas pressure regulators; ), - drying columns; 5-6- receivers;

7 - electrolyte filter; 8 - cell; 9 - feed water tank.,

The cell consists of 100 bipolar sections (about 650
millimeters in diameter) clamped together by four clamping bolts
between cast steel pressure plates, The cell is supplied with
current of 200 emperes at a voltage of 230-2L0 volts, from a

mercury rectifiers Qutput of the cell is of about 8,5 cubic

meters of hydrogen per hour. Above the cell are located the gas

chamels, while the feed channel is under the cell. The gases

together with the electrolyte pass from the cell in the form of
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foam, along the iron pipe line into separatbry~@olumns 1, where

separation of gases from electrolybe takes place. The separatory

' : coluﬁ% are connected ab the bottom with one another and thus serve : 4
- ‘ i

also to achieve an exact equalization of the pressure of gases. : i

From separatory columns the gases pass into scrubbers 2 where they

bubble through a layer of water, thereby being simultaneously

scrubbed and cooled. From the scrubbers the gases flow into float

actuated pressure regulators 3, the purpose of which is to equalize,

5f roughly, pressure of the gases when these are being withdrawn in

unequal amounts by the consumers

The gases then pass through drying columns li, packed with
calcium chloride, and enter the receivers 5 and 6 wherefrom they

are forwarded to the consumer,

The electrolyte after cooling in the separatory columns,
drops through filter 7 back into cell 8, Distilled feed water is
supplied from tank 9, from which it is fed first into the lower
part of scrubber 2, and from there together with the electrolyte

it flows into the celle

Tn addition to the fixed installation for water electrolysis

under pressure there has been developed in the USSR for the same

purpose (metal welding and cutting), the design of a mobile in-

stallation, erected on the platform of an automotive vehicles

The cell is supplied with current from a standard generator

driven by the automobile engine, A diagram of the installation

is shown in figure 113.
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Figure 113, Diagram of mobile unit for water electrolysis
FLBULe ——2

under pressure.

The installation is intended as a service unit in construc-
tion works involving the laying of any kind steel pipe lines, for

example of oil or gas pipe lines and so forthe

¢c. Electrodes and Diaphragms for Chlorine Cells

1, Anodes and cathodes

Requirements which Must be Met by the Anodic Materials

The anodes of a chlorine cell operate under conditions
of direct conbact with such chemically active substances as moist
chlorine, oxygen in the nascent state, and hydrochloric and hypo-
chlorous acids. Hence the basic prerequisite of the anode material
is chemical stability. In addition the anode material must promote
discharge of C1™ ions, that is the chlorine overvoltage on it must
be at a minimum, the anode material must be a good conductor of
electricity, possess mechanical durability and must be readily

workable,

For meking anodes there have been used platinum, carbon,
and magnetite, At present artificial graphite is being used ex=-
clusively. Each of these materials possesses specific advantages
and faults. Platinum meets best the prerequisites. Tts basic
disadvantage is the high cost. To decrease expenditures on
platinum, the anodes were made of thin platinum foil or wire mesh
and were used at high current densities (up to 3000 amperes per

square meter), Conveying current to the thin and fragile electrodes
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was most complicated and was effected by means of a great number of

soldered-on)thin)platinum wires., To increase the strength of the
platinum it was alloyed with 10 percent of iridium, Thin platinum
- o ) electrodes under conditions of high current density produced in-

creased cell voltage.

Magnetite electrodes are made of molten mixed oxide of iron F
Fez OL. As the raw material, iron ore or pyrite cinders are used,
Magnetite electrodes possess high chemical stebility but low %
electrical conductivity. Specific resistance of magnetite varies
from 0,036 to 1,32 ohms per centimeter, In addition magnetite
produces high chlorine overvoltage, is very brittle, and cannot
be worked mechanically., For chlorine cells the magnetite anodes
were cast in the shape of round, hollow rods, open at one end,
2 To increase electrical conductivity, the internal walls of the

electrode were coated electrolytically with a layer of copper,

Carbon electrodes found a wider utilization and in some ;
cells were used over a great length of time, However, due to

low stability and being readily oxidized by oxyg;n, they caused

contamination of chlorine with large amounts of carbon dioxide.

At the same time there was formed in the cell much carbon sludge
which plugged the diaphragm. Electrical conductivity of carbon

electrodes is low, Their specific resistance fluctuates from

0,0042 to 0,012 ohms, i i

These disadvantages are inherent to a considerably lesser
degree to electrodes made of artificial graphite, which is at

present the only material used for making chlorine cell anodes,
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Method of Production and Propertieg_gg Graphite

Slectrodes

Raw materials for the production of graphite elec= g
rrodes are various carboniferous products: anthracite, retort
and petroleum coke, graphite, coal tar and pitch. The carbon-
ferous material is first broken up in roller crushers, into
fragments from 30 to 50 millimeter size, and is then calcinated
in gas or electrically heated shaft furnaces, The purpose of 5 A
calcination is to remove nydrocarbons and moisture, to increase

the density and electrical conductivity of the raw material., The

calcinated product is then ground in ball mills to a particle
size of less than 1 millimeter. On completion of grinding the

predominant portion of the material must consist of particles

i

: 0.5-0,1 millimeter in size. The ground material is screened to

separate it into fractions according to degree of comminution,

and is then forwarded sometimes after being passed through a

magnetic separator, to storage bins., From the storage bins

it is withdrawn for compounding and mixing. Compounding of the

carbonaceous materials is done on a weight basis.

To the dry carbonaceious materials is added as a

binder, coal tar or pitch and the whole mass is thoroughly mixed
at 80-105 degrees in kneading mixersd Compounding and selection
of the granulometric composition of the carbonaceous materials,
as well as the mixing, are very responsible operations which de-
termine to a considerable degree the quality of the electrodes.

The well-mixed, dough-like plastic mass is fed into hydraulic

presses wherein the electrodes are pressed at 300-L00 atmospheres.
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Pressing 18 done in closed molds or the mass is ex~-
tyuded through dies. The moist, so-called '"green electrodes"

leaving the press are stored until cooled and are then fired.

Firing is ef fected in gas or electrical resistance

furnaces. Depending upon the scale of manufacture there are

used either single—chamber/intermittently_operated gas furnaces,

or continuous—operation)multiple—chamber or duct furnaces. In .

the firing the tarry products, added to the carbonaceous materi-

als as a binder, undergo coking and this coke cements the par-

ticles of carbonaceous powders. gince in the course of firing

of the electrodes, volatile products are liberated, the tem-

perature in the furnace must be raised very slowly. If this is

not done,a large proportion of defective products will be pro-

)
!
duced, due to the fact that the gaseous products not being

allowed gufficient time to escape from L within the electrodes g
causeg bending and rupture of the electrode structure. The ! ' g
technique of firing depends upon the nature of the binder

material used.

Usually the firing process is divided into four

periods. During the first period -~ of preheating and dis-

tillation, for the duration of 3-ly days, the temperature 1is

raised very slowly to 350 degreesS; the main portion of volatiles
is liberated during this time, In the second period, over a g i oo
length of time amounting to 20-30 hours,the temperature 1s raised

) ona )
rapidly wp to 850 degreéskfthe electrodes undergo coking. In the
third period of 25-50 hour duration the temperature is increased o

1300 degrees-—thO degrees., The electrodes are calcinated throughout
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and are held at this temperature from 25 to 30 hours. During the
fourth period the furnace is gradually allowed to cool which
lasts L to 6 days. Thus the entire firing process requires from

10 to 15 dayse

The fired electrodes consist of dense, strong carbon

material, emitting a metallic sound on impact, and quite diffi-
cult to process by mechanical means. Following cleaning and

; surface shipping they are ready for use.

For the production of graphite electrodes, these

carbon electrodes are subjected to a second firing operation at

a temperature of about 2300-2400 degrees. During this second

firing the amorphous mass (or more precisely, the fine graphite

crystals) of the carbon electrode undergoes crystallization to

artificial graphite (having larger crystals), Following
graphitizing the electrode displays a readily apparent crystalline
structure. In it individual graphite crystals are bonded, by
action of molecular forces, along cleavage surfaces of the

crystals.

Graphite electrodes do not consist of a continuous
monolithic mass, but are perforated throughout by minute pores.
Porosity of electrodes is expressed by the ratic (in percent)

of the volume of the pores to that of the total electrode.

Porosity constitutes an important characteristic of the

electrodes, : %

E The quality criterion of carbon and graphite

electrodes is their stability toward conditions of electrolysis.

1o i
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i Definite prerequisites have not yet been established in this re=

spect. Usually the stability of electrodes being tested is com=

pared with that displayed under the same conditions by the best

specimens,

: Some researchers have established that stability of
i ' carbon electrodes increases with increasing temperature of firing

at above 1200 degrees. Stability of graphite electrodes is sube

stantially affected by the physico-chemical properties of the

initial raw material and the granulometric composition of the batch,

Table Ll f‘ 3

Characteristics of carbon and graphite electrodes :

Electrodes  Specific Apparent Beginning of Heat Con- Ash Ten-  Mechani-
electri~ density combustion ductivity Con- sile cal
cal re- o cal/cm®C  tent % strength Worka-
sistance ¢ kg/em2 bility
ohm/em

Graphite 0,0008-0,0012 1,6-1.8 560-6L0 3.6 Less than 1 56-72 Good

?‘ Not more
Carbon 0,0032 L1e5-1s7 L50 0,95 than 6 72-109  Poor

| /
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Porosity of electrodes is also an important factor
determining their stability; with increasing porosity their
stability decreases. Stability of carbon electrodes under con-
ditions of electrolysis of sodium and potassium chlorides is two
to three times less than those of graphite electrodes; their
porosity is greater and electrical conductivity lower. Carbon
electrodes are considerably less well adapted for working by
mechanical means, Comparative characteristics of carbon and

graphite electrodes are given in Table Lle

Breakdown of Graphite Electrodes and Means of Com=

bating;{&

The essential cause inducing distruction of graphite
electrodes is the discharge of OH™ ions. Oxygen evolved in this
process oxidized the carbon of the electrodes to give carbon

dioxide according to the equation:

C + 20 = CO,

On using carbon or graphite anode, the chlorine pro-
duced always contains a certain amount of carbon dioxide, The
carbon dioxide content increases with increasing temperature
with decreasing yields on the basis of the current and with de-
creasing stability of the anodes., On partial burning out of the
carbon, the bond between remaining particles of the anode is
weakened and small carbon particles begin to separate from the

electrode,

This process of crumbling or disintegration of the

|
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electrode is the more intensive the less homogeneous the electrode
and the more coarsely granular its structure. Carbon electrodes
in which separate graphite grains are bonded less strongly than
they are in graphite electrodes and the electrode mass itself con-

sists of larger particles, undergo on disintegration much more

extensive crumbling than the graphite electrodes,
Data characterizing breakdown by combustion and

crumbling of graphite and carbon electrodes are given in Table L2,

Table L2

Breakdown characteristics of different electrodes

Electrodes Weight losses

on electrolysis Losses by Losses by

in gm per one combustion crumbling

ampere hour gm percent gm percent
Graphite 0,055 0,041 7h.6 0,012 26,4
Carbon  0,1762 0.,0715 L0.6 0,10L5 59,k

The stability of graphite electrode is greatly affected
by temperature of electrolysis; at higher temperature breakdown ine-
creases. This is explained by the fact that with increasing tem-
perature the rate of the oxidation reaction increases, oxygen
overvoltage decreases and the percentage of current used up for

oxygen formation is correspondingly increased, An anélogous
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effect is produced by polarization of the anode and current density,
At a high anodic potential of the order of 1.8-1,9 volts breakdown

of the graphite is increased., At high current densities, when

anodic potential reaches the indicated limits, breakdown will

accordingly also be increased in connection with the greater
amount of oxygen evolved, However, very low current densities

also cause increased anode breakdown,

The cause of this becomes apparent on considering

the pelarization curves of oxygen and chlorine on graphite,

shown in figure 117,

In this figure, 1 is the polarization curve of
chlorine evolution from a solution of sodium chloride under
the conditions of a technical electrolysis, while 2 is the
polarization curve of oxygen evolution from a neutral sodium
sulfate solution. From the shape of the curves it can be seen !
that under conditions of very low current densities, the amount
of evolved oxygen (relative to that of chlorine) is greater than
at higher current densities, since on conjoint discharge upon an

inert electrode of two or of several ions, each of them is dis=

charged at that current density, which would correspond to the :

given electrode potential on discharge of the ion from solution

i in absence of other ions. We have previously mentioned the detri-

mental effect of porosity on the stability of electrodes, Pores

of an electrode on its polarization are readily permeated with

electrolyte and-the :electrolysis process takes place not only

upon the electrode surface but also inside of the pores,

-1l -

s

v
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Measurement of electrode potential in depth of electrode, that is
within its pores shows that the potential decreases rapidly with
increasing distance from the electrode surface, and can reach even
a lower value than that of the equilibrium potential of chlorine,

but at the same time it always remains above the equilibrium po=

tential of oxygen.

Current
density

amp/m2

Anode potential in volts

Figure 117. Potentials of chlorine and oxygen

o evolution on graphite: 1 - chlorine curvej 2 - OXygen curves

Thus, the electrolysis process within the pores
occurs at very low current densities, which correspond to low

values of electrode potential.

Considering the polarization curves (figure 117)
we have seen that under such conditions a considerable part of
the current is used up for oxygen liberation, and the relative
amount of oxygen evolved within the pores is larger than on the
electrode surface where the anode potential is higher. The
greater the porosity of an electrode, the larger is the par£ of

current used for electrolysis within the pores and at the same

time a substantial area of the electrode undergoes oxidation.

j—

L |
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Consequently highly porous electrodes undergo rapid breakdown.

Tt follows from what has been stated, that it is
necessary to eliminate the electrolysis process occurring within
the pores, In practice this is attained by means of electrode
impregnation, that is, by saturating the electrodes with various
substances which seal up the pores. Among the numerous im-
pregnation methods, the one most commonly used is impregnation
with linseed oil followed by chlorination. The electrodes are
first thoroughly dried to remove moisture from the pores and
are then placed in an iron reservoir filled with linseed oile
Saturation is effected at 100-110 degrees over a period of 2k
hours. Blectrodes absorb the oil in amounts of about 13-16
percent of their weight, Upon completion of the saturation, the
oil is drained from the reservoir, the electrodes are removed and
wiped dry., They are then placed in a wooden tank, are covered
with cold water, and by introducing 1 chlorine the electrodes are
chlorinated for a 2L hour period. After this steam is introduced
into the tank together with the chlorine, whereby the water is
heated to 100 degrees, and the hot chlorination is continued for

an additional 2L hours.

The thus-treated electrodes before being used must
be stored in a dry)well—ventilated building for 6-8 months. This

period of storage increases the stability of the electrodes,

The method of treating electrodes with linseed oil
and subsequent chlorination does not have the same degree of

effectiveness insofar as increased stability of different kinds

DP82-00039R00010024000




: - 240001-4
Declassified in Part - Sanitized Copy Approved for Release 2012/03/20 : CIA-RDP82-00039R000100:

of graphite electrodes is céncerned. Best results are obtained with
Acheson graphite, The 1ife of impregnated electrodes in comparison
with untreated electrodes, is increased almost twice. Tt must be
pointed out, however, that cell voltage, using impregnated electrodes,

is always somewhat higher,

Table 43

Operation characteristics of impregnated and of unimprege

nated graphite electrodes

Average carbon dioxide Deterioration of electrode

Electrode Average cell content of chlorine; by volume; %
voltage dur- % Sub=- Sub-
ing first four First Sequent  First sequent

months; volts, L months L months L months I months

Unimpregnated 3.52 0.k 0.26 31.5 70 i
Impregnated 3.67 0.1 0.1 2l LS é .

In Table U3 are shown data relative to the performances J |
of impregnated and unimpregnated graphite electrodes under induse
trial conditions over a 8 months period at current density of about

800 amperes per square meter, and at a temperature of 60 to 70 de-

grees,

. v I X 40001-4
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Material and Design of Cathodes

In electrolysis with a solid cathode, the cathode
functions in an atmosphere of hydrogen and is in contact with
alkali containing normally from 2.5 to 3.5 equivalents of caustic
soda or caustic alkali, and from 2.5 to 3.25 equivalents of the
corresponding chloride salt., The presence in the cathodic alkali
of insignificant amounts of hypochlorite and chlorate salts, does

not alter the essential nature of the medium,

Chemical stability requirements of the cathode in the
medium involved is fully met under ordinary circumstances, by
iron, from which the chlorine cell cathodes are thus exclusively
madejon soft iron hydrogen overvoltage is lower than for many
other metals, such as for instance nickel, brass, copper, lead
etc. Consequently in this respect.aiso it is found to be fully

suitable,

Cathodes, in cells operating on the counter current
principle with a filtering diaphragm are made either of iron
sheets, 1,5-2 millimeters thick, perforated to permit flow-off
of the alkali, or from heavy iron screening., Shapes of perfor-
ation vary, Figure 118, A, B, C, show slit, circular and herring-
bone perforations, Perforation is usually made in such a manner
that the area of the openings constitute from 2l to 28 percent
of the entire surface of the cathode, In this ratio the per-
foration in a cathode from 1,5 to 2 millimeters thick not only
does not decrease the effective area but actually increases it
due to the fact that the lateral surfaces of the openings have a

larger area than the area of the perforations,
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Figure 118, Shapes of cathode perforations.

A - slit; B - circular; C - "herringbone';

D - slits with increased surface

In some cells the principal cathode sheet is covered

with a fine iron screen, This iron screen facilitates evolution

of hydrogen and serves as a framework for the soft diaphragms,

Moreover the screen increases the surface of the cathode. For

the same purpose of increasing the surface use is being made of

the perforations shown in figure 118 D, Here the opening is made
4£:¥ cutting out three sides of the area and bending out the slat
thus formed, In this instance the entire surface of the metal

is retained, and in addition fhe new surface formed by the

perforation is supplied.

1\ . In other less frequently utilized cells, the cathodes

are plane iron sheets or rod having a T-like cross section,

Iife of the cathodes if they are not subjected to the
action of acidic anolyte is in excess of two and one half years,

The life of the supplementary light iron screens is of about 6

months,

2. Diaphragms

Types of diaphragms

Segregation of cathodic and anodic products in the

methods utilizing a solid cathode is attained either by strati-
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fication or by means of porous partitions -- diaphragms, which

are located between anode and cathode,

In principle,work of diaphragms can be divided into i
two groups: immersed or non-filtering diaphragms and the filter= :

ing diaphragmse ?

The function of diaphragms of the first group consists
in this, that being located in the stationary electrolyte, be-

tween anode and cathode, they divide the cell into anodic and

cathodic compartments and inhibit mixing of alkaline catholite

with acidic anolyte by mechanical mixing of the liquid by gases

being liberated and by thermal convection. They also reclude

alkali diffusion.

The immersed diaphragms must meet the following re=
quirements: (1) stability toward chemical action of alkali and

of acidic anolyte as well as mechanical strength, (2) Great

diffusional resistance, and (3) the property of readily per-

mitting passage of ions, that is, low electrical resistance, ]

Diaphragms of the second group -- the filtering
diasphragms -- operate under different conditions, namely at a
continuous, slow flow of electrolyte from anode to cathode,
Filtering diaphragms must also inhibit mechanical mixing of
catholyte and anolyte and physical diffusion; they must be
permeable to ions, and in addition they must be permeable to the
electrolyte. Therefore these disphragms must first of all meeb
the following conditions: (1) Possess the property to filter,

at o given rate, the electrolyte. (2) Not to be destroyed by the

! /
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chemical action of alkali and of the acidic anolyte and to retain

their mechanical strength, (3) Possess low electrical resistance.

Tnsofar as diffusional resistance is concerned, it
is not of great importance in this instance because diffusion is

hampered by, flow of electrolyte in the opposite direction.

The material used in the production of immersed dia=-
phragms, in the practice of electrolysis of sodium and potassium
chlorides, is almost exclusively cement; while asbestos is used

for the production of filtering diaphragms.

Physical Properties of the Piaphragms

Porosity: Filtration of electrolyte through the dia=
phragm, as well as ion permeability and diffusicn are possible only
if the diaphragm has pores. The greater the number of pores; the
larger the pores; the less winding are the pores; the greater is

the filtering capacity of the diaphragme

In practice, on testing the diaphragm, the testing
is limited to determining the volumetric porosity, that is the
ration (in percent) of the pores’volume to the totel volume of
the diaphragm:

o~ = Volume of the pores 3100
Volume of diaphragm

Volumetric porosity does not fully characterize the diaphragm,

and specifically does not give the amount of liquid that filters
through the diaphragm. Diaphragms of the same volumetric porosity
but of different types and methods of preparation may have different

permeability.

- n e - : L i
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The amount of liquid Q permeating through the dia-
phragm over the length of time t, will be in proportion to the
hydrostatic pressure of the liquid, H; to the area of the dia-
phragm S, and will be inversely proportional to the thickness

of the diaphragm N, and the liquid viscosity Q,:

Q = K SHt
¥y
Wherein K~ is the coefficient of proportionality, which is
called the absolute coefficient of diaphragm permeability;
the physical meaning of X is elucidated on assuming S, H, t

and Q' equal to the unity. Then,
K = Q

Thus the absolute coefficient of permeability is the
number of milliliters of liquid flowing through the diaphragm,
where the diaphragm area S = 1 decimeter square, the time t =1
hour, the hydrostatic pressure H = 1 centimeter, the diaphragm

thickness N = 1 centimeter, and the viscosity Q_ = 1 centipoise.

The absolute coefficient of permeability is a quantity
specific for a diaphragm of each type and kind and depends upon
the cross section, number of pores, and their convolutions, that

is, length,

Electrical resistance: The electrical resistance of
the diaphragm with the same composition of the electrolyte
charecterizes the permeability of the diaphragm to ions, and de-
pends upon the same factors as the coefficient of permeability,

In the general case, electrical resistance can be calculated

= 149 -
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according to the equations

W o= /)Nxﬁ_i
s &

where: ;j9 - specific resistance of electrolyte within the pores

of the diaphragm,

\ﬁ? - coefficient characterizing the length of the pores
in relation to the thickness of diaphragm

G- = volumetric porosity

Diffusion: Diffusion of alkali through the diaphragm
from the cathode into the anode space is proportional to the
difference of concentration of alkali in the cathode and the anode
compartments, to the diffusion coefficient and the time. The

amount of alkali diffused through is:

P=5xc(C' =C) DX%b grags

N xjﬁz

where: (C!' - C) difference of concentration of alkali at the be-

ginning and at the end of the diffusion process.

D - Diffusion coefficient of alkali at the given con=-
centration and temperature

t - time in 2&¥ours period

Cement Diaphragms and their Preparation

The essential problem in the making of cement dia-
phragms is the formetion of numerous small pores in the body of
cement mass. This is attained by the expedient of adding to the

cement powder finely comminuted crystals of sodium chloride; or

- 150 =
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by mixing the cement with a salt solution whereby formation of salt

crystals is induced at the moment of setting of the cement. After |

i the cement has set, the salt crystals are dissolved in water and |

voids are thus formed in the cement mass, which render it porous. !
i

On varying the ratio of cement and salb, and also the degree of

salt comminution diaphragms of different volumetric porosities can

be produceds

Dependence of diaphragm porosity on the amount of

added salt and salb solution are shown in Table Llie :

The effect of salt comminution, as can be seen from |

Table Lli, menifests itself not only in the volumetric porosity,
but also in the size of the pores and the resistance of the dia=- ! A %

phragm, To impart mechanical strength o cement diaphragms of

f large size (about 0,23 square meters) they are made relatively

thick (from 15 to 20 millimeters). Cement is not entirely re-

sistant to the action of anolyte and catholyte and the diaphragm ; f

undergoes gradual deterioration. Nevertheless the 1ife of cement
diaphragms in chlorine cells is of relatively long duration ==

from 1 to 2 yearse.

In the course of operation, the pores pecome clogged

by various precipitates, as & result of which the electrical re=
sistance of the diaphragm increases and toward the end of

operation may reach an appreciable value, which causes voltage

losses up to 1 volte
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Table Ll

Effect of added Salt on properties of the diaphragnm

Ratio..of specific

Saturated Hydrochloric  Volu- diaphragm resistance to
Solid salt  Asbestos salt solution; acid; metric specific resistance of
grams grams milliliters milliliters porosity % electrolyte

10 (fine) - Lo - L1.5 23.00
30 o - 55 - 59 12.00
Lo g 70 - 62 10,00
35 (coarse) - Lo - Lé 8465
60 - 50 - 5k 7450
75 - 55 - 70 6.20
6o n 10 120 - 81 3.25
- L9 1hs6 53 5.30

Cement diaphragms are made in the following manner,

First the cement mass is prepared according to formulas given in

Table L5,
Table L5
Composition of the cement mass
Formula 1 Formula 2
Components Contents %

Portland cement

Saturated salt solution

Sodium chloride (ground)

Hydrochloric acid (30-39%)

L .
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The brine is changed to the mixer and the cement is
added gradually with agitation, After thorough mixing, the hydro-

chloric acid is added, and mixing is continued for several minutes,

The mass so obtained is poured into shallow forms and before it has

set, a large mesh, fine wire Screen is placed into it so that it is
in the center of the diaphragm, After the mass has hardened, the
screen forms the framework of the diaphragm, increasing its
mechanical strength, After 2l hours, when the mass has hardened,
the diaphragms are removed from the forms, are piled up in bundles,
are clamped by means of wedges to prevent warping, and are left in
contact with air for 12-15 days to complete the hardening process,
On settling of the cement, a mass of small salt crystals separates
throughout its body. To speed up this crystallization, hydro-

chloric acid may be added as indicated in the second formula,

The fully hardened diaphragms are soaked in water
for 6-12 days to dissolve the salt crystals and render the dia-

E; phragms porous. It is preferable to soak the diaphragm in hot
ﬁ water, to promote the salt dissolution ang to decrease formation

of calcium carbonate in the pores by the action of carbon dioxide

dissolved in the water on the components of the cement,

Asbestos Diaphragms

: Cement diaphragms have low bermeability and are un-

suitable as filtering diaphragms, In the production of the latter

asbestos is used exclusively, in the form of g special diaphragn

cardboard or cloth, %

The filtering capacity of an asbestos cardboard

diaphragm must be such that at normal current densities the alkali

-153 -
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concentration in the cathodic compartment is of 100 to 110 grams
per liter of NaOH. Such a filtering capacity, or permeability

is acquired by the diaphragm not at once, but after 1.5 to 10 days .
of operation, during which time it is being formed, A new dia-

phragm, at first has a permeability three to five times greater

than normal. On passage of the current the permeability de-

creases somewhat immediately, and thereafter it slowly reaches

its normal value,

Figure 119 shows the course of formation of a dia-

phragm, In the electrolysis process, subsequent to formation, i

permesbility may be changed by the load on the cell, Decrease

of current intensity results in some increase of permeabilitys;

while increases of current intensity increases permeability up to
a certain limit. Most harmful to the proper functioning of a
filtering diaphragm are frequent interruptions of cement or strong
fluctuation of the load., Under such conditions the time of oper-

ation at normal permeability is considerably decreased.

Permeability in

cmd per

minute

Time in days ; 1

Figure 119, Alteration of permeability of an :

asbestos diaphragm in the process of formation,

- 15, -

|
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i
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i
i
!
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While wet, the diaphragms have a low mechanical

strength and require careful handling. For a normal operation of

filtering diaphragms which are the most vulnerable element of a

chlorine cell an electrolyte is required waich is free of mechani=-

cal admixtures and of calcium and magnesium salts as well as a

continuous and insofar as possible uniform current loade

Good asbestos diaphragm paper has a thickness of

0,65-0,7 millimeters, an absolute permeability coefficient of

0.016-0,028, and a /5 coefficient of about 1,45,

END

S - 155 -
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1 . Diaphragns
asbestos, 212, 286
permeability, 286, 287
diffusion, 28l
metal, 212

precipitated, 320

submerged, 282

porosity, 283

permeability, 283, 286, 287
physical properties, 283
£iltering, 282

forming, 286

cement, 28l

electrical resistance, 28l oo o (

Nickel

nickelous hydroxide, 152
Hydroelectric treatment of copper-nickel nfeinsteint, Lol
npetals’, 152

pyrometallic treatment of copper-nickel nfeinsteint, LBT

refining, 488

i pefining baths, L89

-
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