JOURNAL OF APPLIED ELECTROCHEMISTRY 4 (1974) 293—303

Consumption of graphite anodes in
chlorine manufacture by brine electrolysis*

J. H. ENTWISLE
Research and Development Department, ICI Mond Division, Winnington, Northwich, Cheshire

Received 27 March 1974

The anodic behaviour of carbon and graphite electrodes in aqueous electrolytes is described and the
important reactions leading to the consumption of graphite during chlorine manufacture by brine
electrolysis are discussed in detail. The present state of knowledge concerning the effects of chlorine
cell electrolysis conditions on graphite consumption is also reviewed. A new investigation of the
influence of graphite manufacturing variables and properties on consumption is also described. The
variables studied were coke particle size, degree of pitch impregnation and the final heat treatment at
the graphitization stage. Properties considered included electrical resistivity, apparent density, average
crystallite size and unpaired electron spin density. The resistance of the graphite to anodic oxidation
was found to increase with increasing coke particle size, increasing pitch impregnation and increasing
final heat treatment temperature (up to 3000°C). Unpaired electron spin density was the property
found best to correlate with this resistance.

1. Introduction the period 1965—1970. The present review com-

plements and extends the most recent previous
Electrographite has been used for anodes in reviews in this area by Finn [1], Vaaler [2],
chlorine manufacture ever since its discovery by Potsch, Proft and Gotzmann [3], Ragoss [4] and
Acheson in the latter part of the nineteenth Hine and Yasuda [5].

century, and even with the advent of titanium

anodes it is likely to play a continuing role. A

major economic factor in the operation of cells 2. Anodic behaviour of graphite in electrolytes
with graphite anodes is that of anode consump- not containing chloride

tion which normally amounts to 4—81b carbon
per ton chlorine produced (2:4—4+7 g per kAh).
The mechanism by which consumption occurs is
complex and its rate depends not only upon the
electrolysis conditions, but also upon the prop-
erties and manufacturing conditions of the
graphite. This paper attempts to review the
present state of knowledge concerning the

factors affecting graphite consumption in aqueous
electrolytes, and also presents some new inform-
ation relating to the effects of graphite properties
and manufacturing conditions. This new inform-
ation was obtained in a study carried out by ICI

It will be useful first to consider the anodic be-
haviour of graphite in aqueous electrolytes not
containing chloride. The early work of Thiele [6,
71, Sihvonen [8] and more recently Krishtalik
{9—~17], Ubbelohde [ 18], Binder [19] and many
others has shown that two general groups of
reactions may be involved during the anodic
treatment of graphite. The first group involves
the electrochemical oxidation of water molecules
(or of hydroxyl ions) according to the reactions

in collaboration with UKAEA, Harwell during C+ 2H,0~> CO, + 4H" + 4e (E® = + 0-144 V)
* Review lecture presented at a Society for Electro- C+ Hy0— CO+ 2H" + 2e (£ = + 0420 V)

chemistry Symposium ‘Electrodes in Industrial Applica- - _

tions’ at Shell Thornton Research Centre on 7 March 1974, 2Hz20 >0z +4H"+ de (Ep =+ 123 V)
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and the second the formation of compounds. The
formation of compounds is of two kinds. Various
types of oxidic functional group such as —C =0,
—C—0OH, —COOH can form on carbon and
graphite surfaces [20] and, as in the oxidation of
graphite by air [21], can be involved in the corros-
ion mechanism. The presence of these groups

has frequently been indicated during voltam-
metric studies at graphite electrodes [22, 23].
Their formation may be favoured at particular
imperfections in the graphite structure, e.g. edge
atoms and defects. The formation of crystal
compounds of graphite (intercalation, interlamel-
lar compounds) such as graphite bisulphate may
also occur in which the carbon appears to function
as a macro-cation [18]. These reactions occur
most readily in concentrated acids and involve
penetration of the graphite lattice by anions. The
effects are most readily observed with well-orient-
ed graphites. Some acids (sulphuric, nitric, per-
chloric and others) have a strong tendency to
form intercalation compounds whereas others
(phosphoric, acetic, hydrochloric and others)
have a weak tendency to intercalate {6]. The
formation of crystal compounds generally causes
an increase in the ¢ spacing of the graphite lattice,
swelling of the anode structure and exfoliation.

The direct loss of graphite as CO, and CO is
always accompanied by mechanical loss. Electro-
graphite has a complex structure and contains 20
to 30% pores. Owing to this high porosity, the
carbon-consuming electrochemical reactions
penetrate and widen the pores, promoting dis-
integration and mechanical loss. The balance
between the chemical and mechanical loss has
been studied by several workers e.g. Kubat and
Rousar [24] and it is apparent that the extent of
mechanical loss and the particle size of the debris
formed increase as the anode potential increases.
Where intercalation attack occurs then this can
contribute appreciably to mechanical loss, as
observed by Nystrom [25].

In the present context, the highly irreversible
reactions involving water oxidation are generally
of the greatest importance in determining graphite
consumption. There are numerous papers dealing
with the kinetic aspects of these reactions, and
the most recent by Kokhanov [26—29] and
Krishtalik [11, 12, 16, 17] and their co-workers
are perhaps the most relevant. Their studies

were carried out mostly in phosphate electrolytes
where intercalation effects are small and the water
(or hydroxyl ion) oxidation reactions predominate.
They examined the effects of factors such as pH,
temperature, fonic strength and surface state on
the kinetics using several techniques. A simple
diagram showing the composition of the anodic
products and anode potential as a function of pH
at a fixed current density was first obtained by
Kokhanov and Milova [26] and this is reproduced
in Fig. 1. The product of reaction is mainly CO,
in acid solution changing to oxygen in alkaline
solution, the transition being accompanied by a
sharp drop in anode potential. This transition
probably represents a change from water molecules
to hydroxyl ions as the oxidizing species. A more
complex potential — pH diagram was obtained
by Krishtalik and co-workers [16, 17] and this is
shown in Fig. 2. The diagram shows contours of
log current density ranging from —1-5 to —5-0
and also four different surface states, lettered A
to D, defined from charging curves and denoted
by different types of shading. Changes in the
intensity of shading correspond qualitatively to
changes in the amount of oxygen uptake. The
numbers over the lines represent the CO, current
efficiency. Three regions of characteristic kinetic
behaviour, I to III, bounded by dashed lines,
were also defined. In region I, potential is inde-
pendent of pH but decreases with increasing
ionic strength. Up to +1-9 V the same type of
oxidic film is present and it is most likely that
the electroactive species is water molecules.
Above + 1-9 V the surface changes to give a de-
crease in the CO, yield and a sharp increase in
the crumbling of the graphite. In regions II and
II1, anode potential depends upon pH and more
complex behaviour is observed. In region II the
coincidence of shading intensity at identical
current densities indicates that the reaction rate
is directly connected with the quantitative feat-
ures of oxygen adsorption. This may indicate
that some step following the discharge of water
molecules or hydroxyl ions plays an essential

role in the overall mechanism. In region 111
potential increases with increasing ionic strength
and hydroxyl ion appears to be the discharging
species. At low potentials the oxygen current
efficiency is high and the CO, efficiency low, but
at high potentials a change in surface state occurs
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Fig. 1. Potential — pH kinetic diagram. (After Kokhanov and Milova, 1969).
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Fig. 2. Potential — pH kinetic diagram. (After Ngo Tai
Piet, Kokoulina and Krishtalik, 1972).

accompanied by an increasing CO, current
efficiency.

3. Anodic behaviour in chloride electrolytes

In aqueous chioride electrolytes additional

reactions occur and complicate the graphite con-
sumption mechanisms. Water oxidation and
graphite swelling still occur, but interact with the
chlorine evolution reaction, which holds the anode
potential within the range + 13 to +1-8 V and
electrolyte pH within the range 2 to 4. Under
these conditions the carbon-consuming electro-
chemical reactions are inhibited, the general
magnitude of the effect being shown in Fig. 3.
This illustrates how the CO,,0, and CO contents
of chlorine vary with chloride concentration at a
fixed current density under acidic conditions in

a Hooker diaphragm chlorine cell {30]. As the
sodium chloride concentration increases to the
normal anolyte condition of A 220 g NaCl 1™, the
formation of CO and O, becomes almost totally
inhibited, whilst the formation of CO, is also
low. The extent of inhibition varies with temp-
erature [29, 31] and in the presence of specifically
adsorbed impurity anions such as sulphate [9, 32
—35]. Chlorate ion may also promote graphite
consumption [10] but the effect is less than that
of sulphate. In addition to the main electrochem-
ical reaction of chlorine evolution

2Cr > Cly + 2 (Eg =+ 136 V)

important chemical reactions involving the oxid-
ation of the graphite by hypochlorous acid and
hypochlorite ions also occur.
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Fig. 3. Effect of chloride ion concentration on gaseous corrosion products during anodic consumption of graphite.

(After BP 1,257,934).

C + 2 HOCl » €O, + 2HC1
C+20CI - CO, + 2CI°

These oxidizing species form part of the ‘active’
or ‘recoverable’ chlorine present in the electrolyte
and are produced and removed according to the
following reactions:

Cl, + H,0 2 HOC! + HCl
HOC1 + OH - OCT” + H,0
HOCI + 20CT” - C10; + H* + 2C1

6C10™ + 3H,0 ~ 2C105 + 4CI" + 3/2 0, + 6H'
+ 6Ge,

Chemical oxidation by this mechanism occurs
particularly in the pores of the graphite and to
reduce it graphite anodes are sometimes impreg-
nated with oils.

The chlorine evolution reaction on graphite has
been studied by numerous workers [36—46]. The
reaction proceeds with very high efficiency under
normal chlorine cell conditions, and is classed as
a moderately fast electrochemical reaction with
Tafel parameters iy v 107* Acm™ and @ 0-5
at 25°C. Krishtalik, Kokhanov and co-workers
{28, 29, 36, 37] showed that the kinetic behaviour
changed in a stepwise manner reminiscent of

platinum anodes as the chioride concentration in
the electrolyte is lowered, or the pH and temp-
erature raised. The change was attributed to an
increase in the oxygen evolution reaction and to
changes in surface state. Janssen and Hoogland
have recently carried out a comprehensive study
of the reaction in highly acidic brines [43—46].
They showed that the kinetics change as the
electrode ages; on an aged electrode the
Heyrovsky reaction (CI” + Cl adsorbed - Cl; + ¢)
is the rate-determining step while on a new elec-
trode both the Heyrovsky reaction and the
Volmer reaction (C1” = Cl adsorbed + ) deter-
mine the relationship between current and po-
tential. Two types of surface state seem to occur.
Apparently, a new electrode has an oxidic film
which may originate during manufacture and is
not readily reducible at —400 mV. On an aged
electrode, this film has been removed by anodic
treatment at sufficiently high potential (+1-72V)
and replaced by another film which is readily
reducible at —400 mV. :

Chemical attack on the graphite by hypochlo-
rous acid and hypochlorite occurs to a substantial
extent—for example 28% of the total consumption
was reported in a study by Tasch, Vaaler and Finn
[47]. It was noted previously that electrochemical
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loss of graphite in acidic solution varies little with
pH and the observed variation of consumption
with pH in chlorine cells is mainly due to the
variation in the chemical attack and closely
parallels the changes in the concentration of
hypochlorous acid and hypochlorite in the
electrolyte. Krishtalik [17] and Jaksic [48] have
recently reviewed the effect of pH and Jaksic’s
summary of available literature data is reproduced
in Fig. 4.

40
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Fig. 4. Summary of data on the effect of electrolyte pH
on graphite anode consumption during chlorine and
chlorate manufacture. (After Jaksic, 1973).

The lines differ in detail but generally show the
same pattern. As pH increases through the
normal chlorine cell operating range of 2 to 4 and
beyond, consumption first increases before falling
and eventually rising again. This changing con-
sumption pattern matches closely the formation
and disappearance of hypochlorous acid and
hypochiorite in the electrolyte by the reactions
given above.

The penetration of electrochemical reaction
and corrosion into the pores of the graphite and
the consequent changes in structure have been
studied by Bulygin [49--51], Krishtalik [14, 15],
Ksenzhek [52}], Flisskii and co-workers [53, 54]
and Geise, Kallfelz and Vaaler [55]. The results
of Vaaler and associates, who studied structural

changes by means of resistivity measurements and
also by radiography, are illustrated in Fig. 5.

50 X

40k Advance Of ——s
internal attack

E
E
< 30F
c
o
&
S A
©
0
S Advance of
?: 204+ external attack

1 1
(o} 200 400

Time, days

Fig. 5. Pattern of internal and external attack for
graphite anodes. (After Geise, Kallfelz and Vaaler, 1964).

As attack on the graphite proceeds, the pores
widen and the penetration of chlorine formation
and of corrosion increase. A corrosion front
moving with time develops and advances within
the graphite structure, and behind this the density
of the graphite falls until the external layer even-
tually crumbles. Finally, the rate of crumbling
approximately matches the rate of advancement
of the corrosion front. The movement of the
internal corrosion front as the electrode ages

is given by the upper line in the figure and the
changes in the external dimensions by the lower
line. The difference between the ordinates of the
two graphs at any point in time thus represents
the thickness of the disintegrating layer, which
slowly increases from zero to about 12 mm as
the electrode ages. Janssen and Hoogland [43]
also studied the development of roughness of
graphite electrodes with ageing by means of
double layer capacitance measurements using
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three techniques—galvanostatic charging, potential
pulse and AC impedance. These all showed an
increase in roughness with ageing, but the rough-
ness factors obtained varied with the method used.
The galvanostatic method probably gave a measure
of the ratio between the electrochemically-active
area and the geometric area, and the potential
pulse method, the ratio between the total wetted
and the geometric areas.

Lennon and Vaaler [56] studied the influence
of current density on anode consumption using
both plain graphite and graphite impregnated with
oil to reduce porosity and internal attack. Their
results are illustrated in Fig. 6.

case of diaphragm cell anodes.

In addition to the above information there is
also a considerable number of papers relating to
the effects of electrolysis conditions on graphite
consumption during chlorate manufacture [57—
64] which in some cases are also relevant to
chlorine manufacture.

4. Relationship between the manufacturing con-
ditions and properties of electrographite and its
consumption during chlorine manufacture

The relationship between the manufacturing
conditions of electrographite and its performance

ZOL 4 Unimpregnated
2 @ Partially oil-impregnated
L ® Fully oil-impregnated

pH 4-6—4-9

prd
n
W |
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NaCl 315 g 1-1 90°C

O-4 o6 08

Apparent current density, A cm™2

Fig. 6. Effect of apparent current density on the consumption rate of graphite anodes. (After Lennon and Vaaler, 1963).

These show that oil impregnation gives rise to a
reduction in the rate of consumption which dim-
inishes with increasing current density. This
suggests that electrolysis takes place increasingly
on the outer surface of the electrode as current
density increases. The lower end of the current
range shown in this figure corresponds approxi-
mately to diaphragm cell conditions and the upper
end to mercury cell conditions. Oil impregnation
is, therefore, likely to be most effective in the

in brine electrolysis has been little investigated,
and there is not much to guide the chlorine
manufacturer on the quality he should choose. To
provide more information in this area, a study
was carried out by ICI in collaboration with the
UKAEA using the experimental graphite plant at
Harwell. This plant has been described in the
literature [65] and was set up to develop a
specification for nuclear graphite. In the study,
samples of graphite were made on the plant under
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different conditions from common stocks of
material. The physical properties of the samples
were then determined and their rates of consump-
tion measured, in laboratory mercury cells. The
method of preparing the samples followed the
procedures normally used in the large-scale
manufacture of electrographite {21] which are
briefly as follows. The starting materials are
normally petroleum coke as filler and coal tar
pitch as binder. The coke is first calcined and
ground. In an appropriate size distribution it is
then mixed with pitch in heated vessels at 140 —
175°C in the ratio of about 30 parts of binder to
100 parts of filler. The mixture is then cooled to
95—-105°C prior to being formed by extrusion in
a mechanical press. The die of the press is designed
carefully in order to permit the correct shrinkage
to occur during the subsequent heat treatment
stages. Extrusion is completed by cutting and
rapid cooling of the product which is now at

what is termed the ‘green’ stage. It is then sub-
jected to a critical baking operation at about
1000°C, at which stage considerable chemical and
physical changes occur. The carbon prepared in
the baking operation is then often impregnated
with pitch and rebaked to give improvement in
the properties of the graphite. This procedure may
be carried out one or more times. Finally, the
carbon is graphitized in special furnaces by grad-
ual heating up to about 3000°C. Crystallite growth
and impurity removal commence around 2000°C
and the potential for growth is latent within the
filler and the green carbon structure—the greater
the crystallite alignment, the greater the growth
during graphitization. The graphite is then
machined to the required shape. In general the
shapes used are simple rods or blocks for diaphragm
cells [31, 66], slotted and holed blocks for mercury
cells [665-68]. As mentioned, the graphite may
also be impregnated with oils or antioxidants to
reduce internal corrosion and several techniques
and materials have been evaluated for this purpose
by Mulina, Krishtalik and Kolotukhin [68—~71],
Wasilewski ef al. [72], and others.

The product of the graphitizing process is a
polycrystalline material of surface area about
1m?g?, Typical properties of commercial anode
electrographite have been described by Ragoss [4].
The high porosity of 20—30% has already been
mentioned and is of both the open and closed

pore types. The complex pore structure of elec-

© trographite has in fact been related by some

workers [53, 54] to its rate of consumption during
chlorine manufacture. The properties frequently
vary according to the direction of extrusion as a
result of the alignment of the long dimension of
the graphitized coke particles in this direction. In
general, pitch impregnation of the baked material
tends to increase density and strength and to
lower electrical resistivity. Microscopically, the
structure consists of graphitized coke particles,
usually termed grains, surrounded by the
graphitized binder [21]. During electrolysis, the
binder phase appears to be more readily attacked
than the grains [25].

In the present investigation a study was made
of three of the manufacturing variables—the
particle size of the coke filler, the degree of pitch
impregnation and the final heat treatment temp-
erature. The results of the consumption tests on
the experimental Harwell samples are shown in
Table 1. In all cases, petroleum coke and coal
tar pitch were used.

It is seen that the final heat treatment temp-
erature has a marked effect on the rate of con-
sumption. The rate is also less with the coke
particles of greater size. One pitch impregnation
and rebaking prior to graphitization significantly
reduces the consumption rate, but subsequent
impregnations have little or no effect. The benefit
of a single impregnation is also apparent with
the material of lower particle size.

Measurements of various properties were also
made on these graphites in order to define a
specification. These are shown in Table 2 and
include physical properties such as density,
resistivity, Young’s modulus and also structure-
related properties such as average crystallite size
and unpaired electron spin density.

It had been anticipated from comments in the
literature that the growth of crystallinity would
be a fundamental factor affecting the consump-
tion rate. Fig. 7 shows both consumption rate
and crystallite size, as a function of the final
heat treatment temperature. While the drop in
consumption rate occurs at a heat treatment
temperature well below that at which the
crystallites have developed appreciably, there is
good accord between the consumption rate and
the reciprocal of the crystallite size.
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Table 1. Effect of the manufacturing variables of electrographite on its consumption rate during brine electrolysis

Graphite Final heat No. of pitch Coke Consumption
sample treatment impregnations particle rate
reference temperature, size mm per day
number °C

1200 1200 0 Up to 1 mm 5

1500 1500 0 Upto 1 mm 1-44

1800 1800 0 Up to 1 mm 047

2100 2100 0 Up to 1 mm 0-36

2700 2700 0 Up to 1 mm 0-24

3000 3000 0 Upto imm 019

G20 2700 0 Up to 1 mm 0-31

D9 2700 1 Up to 1 mm 023

F3 2700 2 Up to 1 mm 0-25

Fi6 2700 3 Up to 1 mm 022
893/B/1/2 2700 0 Up to 70 um 0-39
875/B/3/2 2700 1 Up to 70 um 0-30

Consumption rates are for 18% brine of pH 2—3 at 70°C and 0-6 A cm™. 0-1 mm per day ~v 1-2 gkAh™!
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Fig. 7. Relationships between consumption rate, average crystallite size and final heat treatment temperature for Harweli
graphites.

An equally good correlation exists between the con-  probable, in view of the above results, that this
sumption rate and the unpaired electron spin den- change occurs while the crystailites are still quite
sity (Fig. 8). The relationship between the unpaired  small.

spin density of carbons and graphite and their struc-

tural features is not fully understood [73] but the ~ Acknowledgements
sudden changes in spin density and consumption The author would like to thank colleagues in the
rate seem to coincide with the change from a dis- UKAEA and ICI for their contributions to the work

ordered structure to a turbostratic structure as the  described, and ICI for permission to publish this
heat treatment temperature increases [74]. It seems  paper.



CONSUMPTION OF GRAPHITE ANODES IN Cl MANUFACTURE BY BRINE ELECTROLYSIS. 301

"A19a1100ds01 UOISTIIXA JO UORILIP oY) 0} Ie[nofpuadiad pue o) jo[Tered sonfea 01 JOJOI 353Y) ‘USAIS oI SOINSLy oM} JISYM

8L €91 6T T-s/0°1 01-1 6L-1 /€5-0 ¥-1/9:0 0€-0 z/e/d/sLs
L 002 00¢ 1-5/6:0 (393} 69-1 10$-0 9-1/L-0 650 7/1/d/€68
8L 0ce 08¢ S-0/1-1 Tyl €60 81 0€-0/0%-0 €T1/L0 0 914
09 802 00€ 9-0/T°1 TY/91 €0-1 8LT 82-0/9¢€0 TT/L0 ST-0 €4
S-¥ 00T 6vb S-0/1-1 1-¥/L-1 96-0 (4} LT-0/¥E-0 €-1/8-0 €20 6a
€€ 80¢ SLE €-0/L-0 T€/S T 68-0 09-1 72-0/0€-0 L-1/6:0 1€-0 0o
0-€ 80T L8E 19-0° /€1 9L-0 91 /S€-0 /6:0 61-0 000¢
6v 0T 19T £-0/L-0 Te/sT 180 9-1 72-0/0€-0 L-1/6:0 ¥Z-0 00LT
L 81 eel €-0/9-0 Lv/0T 91 $0-0/60-0 L-Slv€ 9¢-0 001¢
89 9Z1 88 ¥-0/8-0 6-+/0-C 1.0 91 €0-0/%0-0 €9/8-€ Ly-0 0081
91 8¢ 05> 91 b1 00ST
8€ ST ST> ¥-0/T1 €v/L1 L0 91 900-0/10-0 8-9/v-¥ S 0023
a0l X u01302.1p UO224P 3w
W0 1ad supds 0, ur D, ur a0l X ‘(poyzow
‘Asuap W saudp 4 oI X (D, jutod ap3uis) S 0 192 e O X U2
uds Y ‘3218 9,02 10 0,02 L'Tg e U3 D0E I D02 10 Avp dad ww Laquinu
U0419313 21111844 smnpows  uoisuvdxa 4q Aj1susp A714139NPUOI A114115150.4 2104 20UL9fod
paavdun a8viaay s.8uno g UYL vaav 2ovfing  juainddy ULy [ 102143991 UOIS04I0D ajduing-

sajduins 231ydv43 romipgy Jo sanpiadodd posdyg g a19oL



302 J. H. ENTWISLE
5O 450 x10%
)
v -
T
a
£ )
£ £
v
930 430 5
o Q
- n
a L 4 ¢
E o
:
2 g
L1-0p 10
£
[=% %X
1000 2000 3000

Final heat treatment temperature °C

Fig. 8. Relationships between consumption rate, electron spin density and final heat treatment temperature for Harwell

graphites
References

[1]1 J. M. Finn in ‘The Encyclopedia of Electrochemistry’,
Reinhold, New York (1964).

{21 L. E. Vaaler, Electrochemical Technology, 5 (1967)
170.

[3] W.R. Potsch, R. Proft and J. Gotzmann, Chem Tech,
19 (1967)285.

[41 A. Ragoss, Chemie. Ing. Tech. 39,,(1967) 7417.

[51 F.Hine and M. Yasuda, Denki Kagaku, 39 (1971)
530.

[6] H. Thiele, Trans. Faraday Soc. 34 (1938) 1033.

{71 H. Thiele and E. Weise, Z. Elecktrochem, 55 (1951)
193.

[8] V. Sihvonen, Trans. Faraday Soc., 34 (1938) 1062.

[91 L. L Krishtalik, G. L. Melikova and E. G. Kalinina,
Zh. Prikl. Khim. 34 (1961) 1537.

[10] L. L Krishtalik, Zh. Prikl. Khim. 34 (1961) 1807.

[11] N..G. Bardina and L. L. Krishtalik, Elektrokhimiya 2
(1966) 216.

[12] N. G. Bardina and L. 1. Krishtalik, Elektrokhimiya 2
(1966) 334.

[13] L. L Krishtalik and Z. A. Rotenburg, Elektrokhimiya
2 (1966) 351.

[14] L. L Krishtalik, Elektrokhimiya 2 (1966) 393.

[15] D. V. Kokoulina and L. I. Krishtalik, Elektrokhimiya
3 (1967) 848.

[16] Ngo Tai Piet, D. V. Kokoulina and L. I. Krishtalik,
Elektrokhimiya, 8 (1972) 221.

[17] Ngo Tai Piet, D. V. Kokoillina and L. I. Krishtalik,
Elektrohkimiya 8 (1972) 384.

[18] A R. Ubbelohde and F. A. Lewis, ‘Graphite and its
Crystal Compounds’, Oxford University Press,
London (1960).

{191 H. Binder, A. Kohling, K. Richter and G. Sandstede,
Electrochim, Acta, 9 (1964) 255.

{201 H. P. Boehm, E. Diehl, W. Heck and R. Sappock,
Angew, Chem. Intern. Ed. 3, (1964) 699.

[21] R. E. Nightingale, ‘Nuclear Graphite’, Academic
Press, New York and London (1962).

{221 R. E. Panzer and P. J. Elving, J. Electrochem, Soc.
119 (1972). 864.

(23] K. F. Blurton, Electrochim. Acta, 18 (1973) 869.

[24] C. Kubat and 1. Rousar, Scientific Papers of the
Institute of Chemical Technology, Prague 1964.
Inorganic Technology 5, Page 171.

[251 W. A. Nystrom, J. Electrochem. Soc. 116 (1969) 17.

[26] G. N. Kokhanov and N. G. Milova, Elektrokhimiya
5(1969) 93.

[27] G. N. Kokhanov and I. A. Khanova Elektrokhimiya
6 (1970) 866.

[28] G. N. Kokhanov and L. A. Khanova, Elektrokhimiya
6 (1970) 1492.

[29] G. N. Kokhanov and L. A. Khanova, Elektrokhimiya
8 (1972) 1159.

[30] British Patent Specification 1,257,934.

[31] Mellor’s Comprehensive Treatise on Inorganic and
Theoretical Chemistry Supplement I Part L.
Longmans, Green & Co London, New York,
Toronto (1956).

[32] B. Wallen and G. Wranglen, Electrochim Acta 10
(1965) 43.

[33] M. M. Flisskii, I. E. Veselovshaya'and R. V.
Dzhagatspanyan, Zh. Prikl. Khim. 33 (1960) 1901.

[34]1 M. M. Flisskii, I. E. Veselovskaya, R. V. Dzhagatspanyan,

and O. V. Chernyavskaya, Zh. Prikl. Khim. 34
(1961) 2483.

[35] L. E. Veselovshaya, M. M. Flisskii, R. V. Dzhagatspanyan

and L. V. Morochko, ZA. Prikl. Khim. 36 (1963)
2179.

[36] L. L. Krishtalik and Z. A. Rotenburg, Za. Fiz. Khim.
39 (1965) 169.

[37] L. L. Krishtalik and Z. A. Rotenburg, Zh. Fiz. Khim.
39 (1965) 478.

[38] V. L. Kubasov and G. 1. Volkov, Elektrokhimiya, 1
(1965) 1395.

[39] P. Drossbach and H. Hoff, Electrochim. Acta, 11
(1966) 679.

{401 R. G. Erenburg and L. 1. Krishtalik, Elektrokhimiya
4 (1968) 923.

{41] M. Franz and A. L. Rotinyan, Elektrokhimiya 5
(1969) 925.

[42] B. Azizov and A. L. Rotinyan, Elektrokhimiya, 8
(1972) 265.



CONSUMPTION OF GRAPHITE ANODES IN C1 MANUFACTURE BY BRINE ELECTROLYSIS 303

[431 L. J. J. Janssen and J. G. Hoogland, Electrochim.
Acta, 14 (1969) 1097.

[441 L. J. 1. Janssen and J. G. Hoogland, Elektrochim.
Acta, 15 (1970) 339.

[451 L. J. J. Janssen and J. G. Hoogland, Electrochim.
Acta, 15 (1970) 941.

[461 L. J. J. Janssen and J. G. Hoogland, Electrochim.
Acta, 15 (1970) 1667.

[47] A. Tasch, L. E. Vaaler and J. M. Finn Jr. J.
Electrochem. Soc. 117 (1970) 219.

[48]1 M. M. Jaksic, J. Appl. Electrochem. 3 (1973) 219.

[49]1 B. M. Bulygin, ZAh. Prikl. Khim. 31 (1958) 1832.

[50]1 B. M. Bulygin, Za. Prikl. Khim. 32 (1959) 121.

[51] B. M. Bulygin, Za. Prikl. Khim. 32 (1959) 521.

[52] O. S. Kzenzhek, Khim. Tekhnol. 8 (1967) 21.

{53] E. M. Kuchinskii, N. P. Lipikhin and M. M. Flissiii,
Zh. Prikl. Khim. 37 (1964) 460.

[54]1 M. M. Flisskii, Zh. Prikl. Khim. 38 (1965) 2815.

[55] R. H. Geise, A. J. Kallfelz and L. E. Vaaler,
J. Electrochem. Soc. 111 73C — Abstract 170
(1964).

{56] P. S. Lennon and L. E. Vaaler, Electrochemical

- Technology 1(1963) 178.

[57] G. Wranglen, B. Sjodin and B. Wallen, Electrochim.
Acta, 7(1962) 5717.

[58] V. L. Eberil, D. V. Kokoulina, L. I. Krishtalik and
L. M. Elina, Elektrokhimiya 5 (1969) 336.

[59]1 L. Piszezek, Zeszyty, Nauk. Politech. Slask, Chem.
50 (1969) 206.

[60] V. 1. Eberil and F. V. Kupovich, Elektrokhimiya 6

(1970) 332.

[61] V. I. Eberil and L. M. Elina, Elektrokhimiya 6
(1970) 782.

{62} V. 1. Eberil and L. M. Elina, Elektrokhimiya 6
(1970) 1010.

{631 R. A. Agapova and L. M. Elina, Zh. Prikl. Khim. 44
(1971) 1302.

[64] R. A. Agapova and L. M. Elina, Zh. Prikl. Khim. 44
(1971) 1514.

[65] M. S. T. Price and F. W. Yeats, Industrial Carbon
and Graphite, Papers Read at the Conference
held in London 24—26 Sept 1957, pp 111—-124.
Society of Chemical Industry, London 1958.

[66] F. Jeitner, Chem. Ing. Tech. 34 (1962) 353.

[67] W. C. Gardiner, and W. J. Sakowski, Electrochem-
ical Technology 1 (1963) 53. )

[68] H. A. Sommers, Electrochemical Technology 6
(1968) 124.

[69] F. 1. Mulina, L. I. Krishtalik and A. T. Kolotukhin,
Zh. Prikl. Khim. 38 (1965) 2808.

{70] F. 1. Mulina, L. I. Krishtalik and A. T. Kolotukhin,
Zh. Prikl. Khim. 38 (1965) 2819.

[71} F. 1. Mulina, L. I. Krishtalik and A. T. Kolotukhin,
Zh. Prikl. Khim. 39 (1966) 1338.

[72] L. Wasilewski, R. Dylewski and S. Swatek, Chemia
Stosowana, 34 (1965) 313.

[73] A. S. Kotosonov, Dokl. Akad, Nauk, SSR, 196
(1971) 637.

{741 1. Bulawa, S. Mrozowski and A. S. Vagh, Carbon
10 (1972) 207.



