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ABSTRACT 

,An idealized model i s  postulated embogying the essential features 

of indust r ia l  c'austic -.chlorine cel ls  with horizontal . . flowing mercury  

cathodes. . This. model i s  examined. in detail and relat,ionships . . express - 
ing the lodal anode potential, cathode potential, and ohmic potential 

drop in.the electrolyte in t e r m s  of  local current  density and other pa- 

r amete r s  a r e  established. . .  These relationships a r e  combined. to give 

a system of equations relating current  density at any location along. the 

cel l  to  applied. total potential .and to  operating conditions in. the cell  up- 

s t  r eam of t h e  point in que sti.on. 

' Numerical solutions of these equations. for se'veral cases  of 

cell  operating conditions a r e  ca r r i ed  out on a digital computing machine. 

The effects of changes in operating parameters  upon average current  

density, individual electrode potentials, and current  distribution a r e  

evaluated. 



_. . 
. . I. . INTRODUCTION 

: .  
The Problem 

The durrent distribution in industrial electrochekical  cells i s  
. , 

an  &nportant factor in defining cell  performance.  onu uniform it^ of 

current  distribution in a cell, which in many cases  i s  undesirable, 

may be due to electrode geometry and (or)  to  other, nongeometric, 

factois.  The effects upon current  distribution due to  electrode con- 

figuration fall in. the rea lm of potential theory and have begn dealt with 

a t  length by many authors (e. g. Kasper ' 4 
- " 2n and Wagner ). In. this  

diLsertation an  important electrolytic cell  process from indust ry . i s '  
. . 

considered in which the nonuniformity i s  due a1mo.st entirely to non- 

geometric factors,  and the effects of various of ' these factors  upon 

cell' performance a r e  evaluated. 
, : . I .  . . . . . . .The example chosen i s  the caustic-chlorine cell with a hori-  

zontal-flowing mercury  (amalgam) caihode, often refer red  to a s  the 

Solvay o r  Krebs type cell. In this  cel l  the' electrodes a r e  paral lel  

planes and current  distribution would be uniform i f  determined solely 

by geometry. Based upon typical construction and operating charac-  

te r i s t ics  fo r  industrial cells of this  general type, a well-defined 

theoietical model i s  established to represent  a caustic-chlorine cel l  

for ~ ~ m p u t a t i o n a l  purposes. This model is then considered in light 

of the available theoretical and empirical  relationships for  the in- 

.. terrelated,  detailed processes .'involved, 'in o rder  to  derive a system 

of 'equations. describing, the cell  behavior. Numerical solutions to  

these equations yield current  distributions and average current  densities 

for: various specified values of parameters  affecting cell  operation. 
. . 

. . Applications 

The methods. utilized herein a re ,  in 'general ,  applicable to  the 
. . 

investigation of performance of a wide variety of industrial cells in  

which the electrodes a r e  equipotential and the i r  geometry i s  such. a s  

to yield uniform current  distribution in the absence of other factors,  

Before equations characterizing cell  operation can be derived, the 

cel l  must be exactly described, and the relationships between. local 



potentials (eo ge anodic overvoltage) and other operating variables must 

be available o r  be determined. Generally the system of equations that 

i s  established to represent  the cell  can& be solved by analytic means 

because of the nonlinear interrelation of processes within the cell. 

Numerical solutions for  specific cases  can, however, be ca r r i ed  out 

on a suitable computing machine. 

Use of this  technique can permit a more  rational approach to  

the design arid operation of industrial cells, It yields quantitative 

information concerning the effects of interrelated design and operation- 

al parameters ,  which may permit  the operating o r  design values of 

these parameters  to  be better selected. 

Previous. Work 

Previous investigations of cells involving mercury  electrodes 

have usually either been concerned with laboratory polarographic cells 
5 (eA Okinaka and Kolthoff ) o r  have limited their  consideration to 

specific individual electrode o r  other processes (3. Drozin and 
6 

Filipov ), 
7 

Okada e t  al. conducted a comprehensive investigation of 

caustic-chlorine cel ls  with flowing mercury  cathodes f rom the stand- 

point of characterizing sources of current  loss  and relating current  

loss  to cel l  operating corrditions. The phases of their  study that were 

concerned with overal l  cel l  behavior were, however, of an empirical 

nature. Moreover, the statistical deviations of the i r  data were such 

that no conclusions concerning current  distribution can reasonably be 

drawn. 

Hine, Yoshizawa, and Okada examined analytically and in  de- 

ta i l  the effects upon current  distribution in a Krebs-type caustic- 

chlorine cel l  due to  electrode (anode) configuration. This study 

showed that, i f  spacings between adjacent anodes and between anodes 

and cell  walls a r e  small,  the current  distribution i s  essentially 

uniform. ~ o k e v e r ,  no, factors  other than electrode. geometry were 

considered in ' this  work. 
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XIo DESCRIPTION OF THE THEORETICAL MODEL 

Industrial Equipment Se'rvilig a s  a Basis' for the Model 

The industrial electrolytic cell  upon which this investigation. i s  

.: based is a caustic-chlorine cell  with a horizontal..flowing mercury  

cathode. This type of.cel1 consists of a trough, perhaps 65 c m  in 

width by 250 to 1500 cm in length, the bottom of which i s  formed of a 

conducting mater ia l  and connected a s  the cathode. A layer  of mercury  

about 0.5 dm thick covers the bottom and se rves  a s  the cathode proper. 

Since the trough i s  inclined slightly in the longitudinal direction, this  

I .. m e r c u r y  layer  flows by gravity.from the inlet end, wht re  it i s  supplied 

I by a pumping system, to the outlet end, where it i s  removed by a 

suitable. overflow-wier arrangement. 

. Situated in a plane paral lel  to the mercury  cathode and about ' . ' a ,  

0.5 c m  above the mercury  surface a r e  a s e t  of graphite anodes. These ' . I , .  7 . :  

anodes a r e  20 to  40 c m  wide, 40 to 60 cm long, and about 5 c m  thick, . .  , 

and a r e  arranged t o  form an  essentially continuous, equipotential 

. . anode plane with only smal l  (about 0.5 cm)  gaps between the individual 
a ... > 

electrodes. The anodes a r e  usually either drilled in some regular ‘..-.. . . ,  

pattern, o r  grooved in. the longitudinal direction to permit chlorine gas , :v:..:t, L. 

I evolved a t  the anode to escape more  easily. 

In the space between the cathode and anodes (and over the upper 

anode surfaces)  the electrolyte--a concentrated sodium chloride brine-- 

. flows in. the same d i r e c t i 0 n . a ~ .  the mercury  cathode. . The brine. enters  

a t  about  40°c t o  6 5 O ~  and may increase in temperature  f rom a s  little 

a s  5O to  a s  much a s  50°. During i t s  passage through the cel l  the brine 

. decreases  in concentration. f rom .approximately 305 to 3 10 gm/l .at the 

. . inlet to about 210 t o  275 $m/l a t  the outlet. Concurrently.the concen- 

t.ration of sodium (as amalgam) in the mercury  cathode increases f rom 

about 0.01 wt 70 sodium to  perhaps 0.1 . to  0.2 wt Yoo. 

. . The reaction occurring in this cel l  i s  the electrolytic decom- 
J' 

position of sodium chloride into sodium- -which dissolves in the mercury  

cathode to fo rm sodium amalgam- -and chlorine gas - -which evolves at 

. . the anode and is .removed f rom the cell  by a n  appropriate ducting 



arrangement.  The outlet brine is concentrated, purified, and rec i r  - 
culated. The sodium-rich amalgam i s  fed to a decomposer, where it 

ig dbntacted with wate'r to  form sodium hydroxide of highsp,uritkjrand 

mercury  of very  low sodium content. The mercury  i s  returned to the 

inlet end of the cell. -. 
. . 

Detailed descriptions of various specific types of these cel ls  

may be found in such references a s  Encyclopedia of ,Chemical 
' 

7 Technology. . De Nora, Gardjner, I . '  and Gonzalez -Martinez. 
12 

Derivation of Tkeoretical Model 

In o rder  to  permit a systematic investigation of cell  performance, 

a tl~toa-ctical 111ude1 L I ~ U S ~  be established which is f irmly based upon an  

industrial type cel l  a s  described above, but which i s  simplified suf- 

ficiently to  permit exact description of a l l  characteris t ics  affecting i ts  

performance. This simplification applies particularly to  details of 

construction and exact operating procedures, which may vary widely 

i n  industry. 

In o rder  to  res t r ic t  consideration to the important basic phenom- 

ena involved, the effects of impurities in the brine a r e  ignored; that is, 

the brine is assumed t o  be pure sodium chloride solution, Effects of 

impurities have been investigated in detail by severa l  authors including 
8 1 

Yoshizawa and Nlshlda. Okada and Yoshizawa. l4 and Drozin and 

Filipov, 
6 

The investigation involves the basic cel l  only. Such appurte - 
nances a s  the amalgam decomposer, mercury  and brine circulating 

equipment, chlorine removal equipment, and electr ical  connections 

a r e  not subject to consideration. Edge effects (the effects of electrode 

edge geometry on current  distribution) for  the anode a r e  not considered; 

they have been shown to  be of small. ordkr (< 2%) by Hine, Yoshizawa, 

and Okada. In view of this, a section of unit width f rom a cell  of 

unspecified width may be regarded a s  a suitable model. 
'd 

Based upon these requirements and simplifications, a model 

may be established. Certain characteristic,s of theirnodel. (e; g. the - 
cel l  .length) a r e  arbi t rar i ly  fixed; these characteris t ics  a re ,  however, 



typical' of the range encountered in industrial practice and could just 

a s  well be chosen to conform to any particular cell  in question. The 

operating temperature of the cell is also arbitrari ly established. In 

practice it i s  usually a s  high a s  corrosion rates for materials  of 

construction will permit. It i s  assumed for this study that the tem- 

perature would be chosen a s  high a s  would be consistent with mechani- 

cal  design and solution handling limitations. Qther characteristics of 

the model--those which can reasonably be varied to  influence operation 

of the corresponding industrial cell--will be considered operating 

parameters and a r e  not fixed in the description of the theoretical 

-, model. 

Detailed Description of Theoretical Model 

The theoretical model utilized a s  a basis for this study i s  an 

electrolytic cell in the form of a trough 1000 cm long and of unit width. 

This model i s  illustrated in Fig. 1. The sides of the trough a r e  of 

such nature a s  to give r i se  to no edge effects. The bottom of the 

trough is covered by a 0.5-cm-thick layer of dilute sodium amalgam 

flowing from one end of the trough (the inlet end) to  the other (the out- ' . \  

let end). This amalgam layer constitutes the cathode of the cell. I ( 

Above the amalgam in a plane parallel to its. surface i s  a graphite anode 

which i s  continuous except for gaps that have no other effect than.to 

permit the escape of evolved chiorine gas. An elbctrolyte brine of 

s.odium chloride in pure water flows parallel to.the amalgam in the 

uniform space betwe-en the anode and the cathode.. The amalgam and 

brine a r e  available a t  the inlet end (x = 0) at  specified concentrations 

and. a r e  removed completely at  the outlet .end (x = 1000 cm). 

The brine i s  electrolyzed a s  it passes through the cell, the 

sodium formed dissolving in the amalgam cathode and the chlorine 

evolving a t  the anode, where it saturates the brine with dissolved GIZo 

Thus, moving f rom the inlet toward the outlet of the cell, the brine 

becomes . depleted in sodium chloride and. the amalgam becomes en- 

riched in sodium. 



- L = 1000cm . . . . I 

Inlet 
' 'end ,Out let 

end 

Fig. ,  1. Model f o r  caust ic  -chlorine ce l l  with horizontal  
flowing m e r c u r y  cathode. 
(a)  Graphite anode . . 
(b) FLowing electrolyte  (NaC1 br ine)  . -  . 
(c )   l low in^ m e r c u r y  catho'de 



The operating "parameters .of this'.c.etl. and . . .  :the . ranges of values 

' . . .  that a r e  considered for each. are:  - ' " '. . ' . ' .  

. . a: Anode.type:: plane; drilled, oc..grooved . .  . 

b. Applied cellpotential (ET): 3.4to 4.1 v a 

c. Brine flow rate (a): 4.0 to 6.5 g m H  0/sec  . 
2 

. do. Amalgam v'elocity {U): 4.0 to 10.0- cm/sec 
- .  . . e. .Inlet concentration of NaCl in brine (m .): 5.0 to 6.4 molal 

. . 0 
. . ' f .  Inlet cancentration df Na in amalgam (N. ): 0.005:to 

0 
. . , .  fl,OFifl wt '$0 Na . . 

. . r  
. . go I. -Distance between electrodes (dl: 0.5-to 3.0. cm; . : 

. , 
B '.. :These parameters a r e  chosen.to estab1is.h any- desired operating 

. . : condition for the ':cell. . , 

The variables characterizing cell  operation that a r e  determined 
. . for ..any -given operating condition (choice. of opt5rating parameters)  are:  

.. I .  . . . . 
' a. CurPent d'ensity at any point along the length of the cell  (I) 

2 .  in amp/cm. . 
. ,  . 

Concentration of NaCl in brine a6 any pdint' aldxig the length 
. . 
. . of the ce l l  (m) in ~01/ '1000  .gm solvent 

~oncentration:.of Na in"am'a1gaG af ahy.point 'albng the length 

of the cell .(N) in' wt % Na * . , 

Anode. potential at  'aliy, point along, the' length .of the cell 

Cathode potential at  any point along tlie length of:the.cell  
' I  (EC) invol t s  . . 

ohmic potential drop'in the eledtrblyte .at any point along 
. . the  len,gth of c e l l  ( E ~ )  .in. volts' ' ' 

2 
Average current  density f 6 r  the  c e l l  ( I~ ; )  in amp/cm . 

Average anode f o r  the dell (-E ') in volts 
A. 

Averages cathode pdential  for the cell (E ' )  in volts 
C 

A v e . r a g e o h i c  pojkntialdrop in the.'electrolyte fd r  the 
. . . .. . .: 

cell (Eg$ in V O ~ G  ' , . 
, . , . . .  . . :  .. . . . . .  . . . . !  

, , > '  



. . . . Basic Assumptions in Treatment of Theoretical Model 

In calculating relationships based upon the theoretical model 

just described, nine basic assumptions a r e  made. These assumptions 

can be considered to be part  of the definition of the model itself, but 

they a r e  here  described separately since they concern effects that - 
would not be defined, a priori ,  by the description o r  design of an 

.industrial cell. . Certain of these assumptions (1, 2 )  concern phenom- 

ena which would be-measured empirically in an operating cell, o r  b y  

means of a model study in the de.sign of a new cell. Others (4, 7, 8) 

involve effects. for  which no adequate data a r e  currently available. 

Two (3,, 6)  a r e  made to prevent the techniques utilized from becoming 

too involved to yicld meaningful rcsults.  The basic assumptions 

' . invoked.are: 

1. The amalgam flow i s  completely turbulent with complete 

. c r o s s  -mixing 'and no diffusion boundary layer. The complete turbulence 

i s  to be expected f rom stability cr i te r ia  . (see Section 111) and i s  in 
agreemenattwith indust r ia l  experience. The. absence of a diffusion';. 

boundary layer would be approached because of the surface mixing 

. . phenomena for mercury  cathodes a s  described by Osugi, Inoue, and 
16 

Imai and by Yoshizawa and Nishida. 
17, 18, 13 

2. . The brine.flow i s  completely turbulent and has a diffusion 

boundary layer at the cathode whose thickness i s  independent of brine 

o rL  amalgam flow rates .  The turbulence will be encouraged by the 

extensive chlorine -gas evolution in the narrow flow channel. With 

this gas ev,olution and with a moving interface, the effect of bulk ve- 

locities on the diffusion boundary layer cannot be reliably predicted. 

3. . The cell  is essentially isothermal at 6 5 ' ~ .  This condition 

i s  assumed a s . a  simplification and i s  not necessari ly in  accord with 

experience for the analogous industrial cells,  many of which a r e  

highly nonisothermal. It i s  a condition that i s  approached, ,however, 

in severa l  industrial installations. ' 

4. Evolved gas distribution i s  independent of electrode spacing 

and brine flow rate. 

5. No appreciable C10; i s  formed by cell  side reactions. 
7 



6 .  ..' Current . loss :is 40Joa-and .is..due. entirely' to the recombination 

of dis solved. c12 with' sodium amalgam ,at the . cathode. .. This condition 
. .  . , .  

, . i s  closely approached in ~ e l l - o ~ e i - a t e d  . . , .  ind<stkial . . cel ls  . . .as determined 

by. analysis of the gas produced. . . 

7. There .is no significant overvoltage for the pr imary cathode 

reaction. 

8. . The pH of the electrolyte remains close' tb  pH 4 for  a. wide 
7 ' L' 

. . 
range of feed pH. 

. . . .9.. The current  density i s  independent of distance _ .  in. the 

direction normal to  the electrode surfaces. 



. . .. . .. . .  . . 111.. ANALYSIS 0,F TH,EORETICAL MODEL 

. .  . . . .  
. . _ :  ~lec t rochemica l  ' ~ e a c t i o n s  of Cell . 

' 
\ 

. . 
I. ' . i . .  

' The .pqhnar)i e.16ctlbche'rriical reactibns oc6urrihg in the model 

described a re ,  at  the- cathode; . ' 

and at. the anode, .. . . . . . .  . . 
1 

~ 1 -  - C12(gas) + e-. (b) 

In addition, side reactions may occur at the cathode, at: thg 

anode, o r  in the bulk of the electrolyte. The important sible side 

reactions a t  the cathode are:  

Those at the anode are,: 

~ h k o u ~ h o u t  the bulk 'of the electrolyte, the chemical reactions which 

will occur are:  

c12(aq) + H ~ O  * H C ~ O +  H' + ~ 1 -  (i 

H C ~ O  --' H' + CIO- (j ) 

If these possible side reactions a r e  conside,red with regard. to , 
specified conditions, the majority can be eliminated a s  fa r  a s  having 

any significant effect on cell  performance.. Reaction (c) i s  inhibited 

because of the high hydrogen-evolution overvoltage for a mercury 
. .' - . . 

19 ' '  

cathode (about .0.78 v for pure mercury . ); it takes place only to a 

negligible extent except in cases  of e&reme depletion of sodium ion 

at  the cathode surface. Reaction (h) proceeds to an extent determined 

largely by the nature of the anode graphite, nature of chlorine 



evolution, and cur  rent density. Analysis of gas evolved in operating 

industrial cells analogous to the model shows that this  reaction accounts 

. . for a . ve ry  smal l  part of the total current  passed (<,1/270). 

. Reactions (e)  and (g) proceed to  an  ~ x t e n t  governed, by the 

e,quilibria of reactions (i) and (j). . For  a solution of pH 3 saturated 

with chlorine a t  6 5 O ~  (about 5 x mol/l) the equilibrium concen- 

tration of HClO is. 3 X mol/l and that of ~ 1 0 -  i s  mol/l. 

Thus, with ~ 1 -  co'ncentration.on the order  of 5 mol/l, electrode 

reactions involving. ~ 1 0 -  o r  HClO may be disregarded. 

Cathode 'reaction (d) comprises the recombination reaction for 

the cell  ( i ~ ~ .  the recombination. to sodium chlori'de of electrolytically 

separated sodium and chlorine)..  his  his reaction occurs to an  appreci- 

able extent and, in fact,. accounts for 'essentially a l l  observed current  

loss  in the analogous industrial cells. It i s  governed' by the' mas s  

transpo'rt of dissolved chlorine from the anode a r e a  to the cathode 

surface where .it recombines with the. sodium i n t h e  amalgam. 

Mercury i low Characterization : 

, In. determining stability cr i te r ia  fo r  the mercury  (amalgam) 

flow, the flow patter? i s '  considered essentially flow over a smooth, 

flat plate  where the "Blasius caserq  velocity d-igtribution law . i s  . followed 

at &locities l e s s  than critical.  For  this situation, t h e  boundary-layer 

thickness, 6(x), , i s  given according to ~ c h l i c h t i n ~  'O a s  (see ~ o m i n c l a t u r e  

section fo r  definition of t e r m s )  

UX) - 1/2 6(x) = 3.0 &(x) = (3.0) (1.7.3) (x) (- v 

1 0.0654 ;'I2 c m  for U = 6.25 crn/sec. 

With.a mercury  layer 0.50 c m  thick, the boundary . . layer  thus encom- 

pa s se s the  ent ire  mercury  cathode for x > 58 cm--that i s ,  for most 

of the length of the 1000-cm cell. Therefore  we have 

for most of the length of the cell. 

Now the stability c r i t e r ionfor  the boundary layer  (here the 

entire mercury  layer for 94% .of cell  length) is ,  according to  Schlichting, 
21 



at  cr i t ical  flow. 
2 

Thus, with BP. = 0.001045 cm /sec  and ti* = 0.167, the cr i t ical  mercury  

velocity i s  found: 

Instability therefore occurs at mercury  velocities grea ter  than. about 

3.5 cm/sec. Actual transition. to  turbulent flow will require a slightly 

.higher velocit'y., but the amalgam velocities of the .range 'considered in 

. , this  model (4.0 to 10.0 cm/sec)  correspond to a mercury layer that i s  

completely turbulent over much of .its length. This i s  in agreement 

with the findings of Sugino. 2 2  

If the flow dynamics of the mercury  layer a r e  examined, 

ignoring effects of the brine layer  in  contact with i t s  surface, the 

variation of layer  thickness along the direction of flow i s  ascertained. 

By using the 1 / 7 - ~ o w e r  velocity-distribution law for turbulent flows 
23 

over flat surfaces and carrying out a balance of gravity forces,  

drag forces,  and pressure  forces, the dcpth profile i s  found for  any 

flow velocity. F o r  ve1uciLit.s in txeesa of 5,O cm/oec the mercury  

depth does not wary significantly f rom the inlet depth except over the 

300 cm of cell  length nearest  the outlet end, and depth variation does 

not exceed. 0.1 . cm except over the. last  100 cm of ce.11 length. 

Brine -Flow Characterization 

Because of the extensive evolution of chlorine gas a t  the anode 

.and to  the i rregulari t ies  of the anode iurf.ace, the flow of brine in i t s  

channel between the anode and the cathode is turbulent over the 

greatest  portidn of i t s  depth. cqmplete turbulence except for diffusion 

layers  at the anode and'cathode surfaces is assumed, a s  stated in .. 
Section PI. . . 



, . . . DiffusionLayers . . .  . 

At the anode, chlorine g.as i s  evolved and, fo.r.this reason, the 

s tructure of any .laminar diffusion layer (layer through whtch mass  

transport from the turbulent core to.the electrode takes place under 
. . 

.the control of molecular diffusion. and migration) i s  not adequately 

defined. . The effect of mas s  t ransport  through any anode diffusion 
. . 
layer  i s  included in the overall  anode pbtential relationship; outlined 

. .  . 
in . a  following section (Anode potential), and this.diffusion' layer i s  not 

se'pardtely considered.. 

At the cathode, a diffusion. layer of thickness b .  will exist. 

As this thickness will be determined by the overall  hydrodynamics of 

t.he brine flow, including the behavior of evolved gases, and by the 

velocity of the. moving cathode interface, it cannot be unambiguously 

described .in. . terms of brine flow, rate. . For  this reason thenthickness 

of'the cathode diffusion layer is. assumed .to.be a constant independent 

of brine velocity (see Section I1 concerning Basic Assumptions). 

Since the current  loss  assumed a t  47'0 is entirely due to  .the 

recombination reaction, the thickness of the cathode diffusion layer  

. . can be determined . . by consideration . . of this phenomena. The ra te  of 
recombination i s  controlled by the molecular diffusion of dissolved 

- ,  

chlorine to  the cathode through'this diffusion layer.  1n.the bulk of the 

brine, the presence of C12 gas bubbles in large  quantitibs assures  

saturation of the solution. with chlorine. At the cathode surface, the 

dissolved-chlorine concentration must be zero  because of the high 
. . 

potential of the recombination reaction (reaction (d)). Thus by 

application of Fick'  s Law for diffusion, we have 

. . 2 
Using' a typid&' value of cur.rent density, I = 0.35 'amp/cm ; the number 

of electrons transfe'rred, n = 2; the saturation v i l i k  for chlorine in 



the NaCl brine a t  65OC and pH4, C 
- 6 

Cl(sat) = 5 . 1 8 X 1 0  m 0 1 / c m ~ ~  
and the diffusion coefficient of dissolved chlorine at  ' .  

0 -5 2 65  C, DC1 .= 4.7 x .I 0 cm /set. one determinesthe value of.  b: - 

0.04 I 

Such a low value of diffusion-layer thickness i s  not unexpected because 

of the high degree of turbulence from the st irr ing cffect of the evolved 

gas and especially because of the presence of .ripples o r  waves in the 

amalgam surface forming the interface. 

. . Cathode Potential . - . .  .. . , . 

The cathode potential- -the portion of the total cell potential 

'associated with the reaction at the cathode and in i ts  :associated 

electric double layer - -can be given in the 'assumed absence :of .over- 

' . voltages. (see Section 11) a s  . < . . 

a 
0 E~ = E ~  - - RT ln 

*(wall) 
3 a 

9 (8 
NaHg (wall) 

, .  . 
where the activities are. at the mercury surface. Since the amalgam i s  

completely cross-mixed at  any position along the cathode, we have 

. , a = a 
NaHg (wall) NaHg" 

and thus 
a' a 

o . f . (wall) RT In- . .  
E ~ ' =  E~ - - 3 a a 

. . NaHg * . . 

where the last  t e r m  on the right side of Eq. (10) constitutes the con- 

centration polarization. 

Consider this concentration-polarization term. The discharged 

sodium ions are brought to the cathode surface by diffusion and 

migration, yielding a modification of Fick' s Law: 



To investigate the significance of this. t e r m  one needs only.to 

choose typical values for I,. D, and t a s  follows: t 

. . .... , . '  . D = 4 . 3 ~  10-5 c m 2 / s e c . ( ~  for NaCl at 6 5 O ~ ,  6.0 molal) 

. '  t ,= 0.5. 

Then, using the value for b previously determined, we have 

At the typical activity of 5.6, this concentration polarization effect 

will cause a potelitial component 'of only 

Thus this effect is negligible and will be ignored. . 

The cathode potential can then. be represented a s  

Anode Potential 

The anode potential, o r  portion of cell  potential associated 

with the chlorine-evolution reaction at  the graphite anodes of the cell, 
\ 

cannot be represented in simple theoretical relation such a s  that for 

. the cathode potential. This i s  because of the appreciable ove rvoltages 

for chlorine evolution at  graphite electrodes and to the masking effect 

of the evolved chlorine on the surface a r ea  of the anode, which reduces 

the effective anode a r ea  and thus produces an apparent polarization 

effect. 



The overvoltage phenomena a r e  not covered by any adequate 

theory. The magnitude of overvoltage (and thus of anode potential) 

var ies  considerably among various types of graphites and even with 

.the orientation of the anode surface with respect to  the cleavage 

plane of the graphite, a s  shown'by the studies of Inoue and Sugino. 
24 

Also, the masking effect of the chlorine gas bubbles i s  very  much a 

function. of type of anode (plane, drilled, o r  grooved). 

Because of these effects, which severely res t r ic t  th.eoretica1 

consideration, the empirical relations of Okada et al. for electrode 

.potentials at horizontal graphite anodes with chlorine evolution a r e  

. ' . utilized. "' . 26 These data pertain to Anodes of ar t i f ic ia l  graphite and,  

to  eaturated pure sodium chloride brine. A suitable correction must 

be made for  brine concentration. 

If a l l  effects a r e  combined in.'a t e r m  uA9 we have 

Considering the potential for, ,saturated brine a t  the same temperature, 

o RT . % l  
' E ~ ( s a t )  = - E A % -  3 l n a  % W  

* (sat)  A8 

and combining 'Eqs. (16) and (179, we' obtain . . 

F o r  a temperature of 65Oc the saturation activity a 
*(sat) 

i s  6.311 (see 

Appendix I); thus we have 

The t e r m  -EA(sat) i s  found f rom the data of Okada et a1 
25,26 

by utilizing available 65Oc data and scaling other 55Oc data to  65Oc 

by the ratio -EA(;at)(650~)/  - E ~ ( ~ ~ ~ )  (55OC) derived f rom cases  

evaluated at' both temperatures.  Three types of electrodes a r e  con- 

sidered; a s i l l u s t r a t ed  in Fig. 2: 
, . 



~-~locm-l 

Type - A anode 

Type-B anode ~ y p e - c  anode 

. . 

Fig. 2: ~ r a h h i t e  anodes. 



Type A: Plane electrode 

Type B: Drilled electrode 

Type C: Grooved electrode. 

F o r  each of these anodes a relationship of the form 

= a % P I +  yI 
2 

- E ~ ( s a t )  (20) 

i s  derived f rom the corrected data by regression analysis over the 
2 

range of I from 0.10 to  0.50 amp/cm . The resulting constants a r e  

summarized in Table I. 

- -  - -  

Regression constants for Eq. (20) for a saturated aqueous solution 

Anode Type a P ' Y 

Thus we derive a relationship for the anode potential at  65OC 

. in  t e r m s  of sodium chloride activity and current  density: 

Ohmic Potential Drop in the Electrolyte 

The. potential drop in the electrolyte between the anode and the 

cathode is determined not only by the conductivity of the electrolyte 

solution itself (ke) but also '  by the presence of essentially nonconducting 

gas  bubbles f rom the evolution of chlorine a t  the anode. Thus the 

effective conductivity of the electrolyte with gas bubbles (km) can be 

stated in  t e r m s  of solution. conductivity a t  the temperature and concen- 

t rat ion i n  question, and a relative conductivity factor (Km) which . 

accounts. for  the effect of the dispersed phase: 



The distribution of gas bubbles .. cannot . be predicted by any 

known theoretical means. It i s  a,function of anode configuration and 

. of current density but,. because- of the uniformity of the flow.channe1 

and the length of the cell, not a function of brine velocity. In order  

to derive quantitative expressions for K :, the empirical relationships m 
of Okada et al: for  .relative res is t iv i t ies  (Pm) of electrolytes in cells 

.evolving, chlorine at horizontal' (downward-facing) graphite anodes in 

saturated sodium chloride brines a r e  used. 252 26 These data: were 

.established for  a geometry adequately approximating the model under 

consideration. It i s  assumed that the relatiye resistivity i s  not 

affected. by changes in brine concentration. The relative-resistivity 

data a r e  scaled a s  requi$ed f rom 55 to 6 5 O ~  in a manner an;ilogous 

to that used in scaling the anode potential in the preceding section. 

The three  types of anodes shown in Fig. 2 ' a r e  considered, since the L..:. 

anocle configuration has a pronou~lced effect upon relative resistivity. 

By converting t h e  data for  Pm to  the form of relative conductivity, 

and expression of the form 

is. derived f rom the corrected data by regression analysis .for. current 
2 densities ranging f rom .0.10 to 0.50 arnp/cm . . The .resulting, constants 

a r e  summarized in Table 11; 

Table I1 
-7 

Regression cdnstants for Eq. (24) for  an  aqueous solution' 
. . 

of NaCl at 65OC 

Anode. Type 1 .  tJ 5 
A' 0.7311 . . 0.122 0.0646 

B 0.812 0.0710 0.0556 

C . . 0.888 0,0208 0.0208 



Thus we derive an ex~jress ion fo r  ohmic drop in the 

electrolyte a t  6 5 O ~  in. t e rms  of pure solution &ondrictivity ( i ee  

Appendix 111) and current  density: 
, 



IV. CHARACTERIZATION OF CELL PERFORMANCE. 

Total Cell ~o t en t i a ' l  

Because of the a s  sumption of equipotential electrodes, the 

total cell  potential (electrode -to -electrode) must be the same 'at a l l  

points along the length of the cell trough. Thus, at  any point in the 

cell we have 

where -EA, ERm and. EC a r e  a s  defined by Eqs. (21), (25), and (15), 

respectively. Substituting these expressions and rearranging, we' 

obtain 

For  given. activities in. the ele'ctrol.yte and. amalgam and given 

p u r e  electrolyte conductivities, Eq. . ,  (27) is an implicit function of I 
-2  

which may be solved for I by numerical techniques. Since the 

activIities a, and a 
NaHg 

and the conductivity can be expressed a s  

known functions of sodium chloride concentration in the electrolyte (m) 

and sodium cdncentration in the amalgam (N) (see Appendices I,. 11, 

and III), Eq. (27) yields values for local current density (I) at  any 

point in. the cell where m and N a r e  known. 

Material Balances . 

If an increment Ax of the cell length in the direction of brine 
. - and amalgam flow . .  i s  . considered, the rate of loss of .sodium chloride 

by the brine. in this iqcrement i s  given by 

G = -  q1 ax. 
3- 



Of. course., Eq. f28)' also expresses the rate. .of gain. of .sodium by the 

amalgam cathode in the increment. 

By a material  balance on the electrolyte. s t ream over the . . 

incremental length of cell, Ax, the decrease in sodium chloride 

concentration in the brine for this distanc-e is  . . 
. . . . 

Through a s imi lar  balance on the flowing amalgam cathode, the 

increase in the sodium concentration in the amalgam i s  

Thus, given the concentrations m ' and N at the upstream 

end of any increment of cel l  length Bx over which the current  density 

can. be considered constant, the corresponding concentrations at the 

downstream end of the increment can be computed. 

Technique for Numerical Solutions 

By use of Eqs. (27), , ( 29 ) ,  and (30), and suitable numerical 

methods, the current  density and concentrations at any point in the cell 
. , 

can be determined for any desired operating condition a s  specified by 
c . .  

the values . . a s  signed to  the operating parameters .  

The solution is accomplished by considering increments of cell  

length. that a r e  sufficiently smal l  that current. density does, not change , 

. , 

appreciably over their  length. The technique then proceeds according 

to  the following steps, starting from the cel l  inlet end: . 

1. . Using given inlet concentrations ,(and other operating 
P 

parameters) ,  calculate the current  density (I) at x . =  0 by numerical 

. solution of Eq. (27) .  . Note: this' equation i s  insensitive to the value 

bf I used in the t e r m  for Km. and thus the t r ia l -and-error  procedure 

: wiil'usually.close in cine tr ial .   h he numeridal r-hethod employed i s  

to  use the last  estimate of I in the t e r m  mentioned above, and to 

solve for I by the quadra t i .~  fo.rmula. 



..2. . Assuming the value of I calculated in .step 1 o r  4 to be 

..valid over Ax, calculate. chahges in concentrations -Am and AN by 

. .  Eqs. ,(29) and (30) respectively. . . 

3. Use the increments in concentratibns found in step 2 to 

calculate concent rations. at  the downstream end .of increment Ax. 

4. Using the concentrations calculated in step 3, calculate 

current density (I) at the upstream end of the next cell increment. 

5. Repeat step 2. 

1n.this manner, current densities, and at  the same time.anode, 

cathode, and ohmic drop potentials, a r e  determined at  intervals of 

Ax along the length of the cell. When the outlet end of the cell  i s  

reached, outlet concentrations a r e  known, .and average current 

densities and. ave.rage individual electrode' potentials ove,r the. entire , . 

cell may be determined. , 

Because of .the extremely laborious nature of these calculations, 

a program has been written to conduct them using an IBM-650 Data 

' ,  Processing System ,(digital computer). To facilitate the computer . . 

calculations, al l  data. which:would normally be represented by tables 
. . 

of graphical curves ( e ~ ~  activities) have been reduced to power- 

se'ries. representations by regress ion analysis. . When provided'the 

values of the .operat'ing parameters.  characterizing the example con- 

sider.ed (anode type,. ET' a0 Uo mo, No, d )  the program calculates 

and records values. for current density (I), concentrations, (m and N), 

anode pote'ntial (-EA), cathode. potential (E~),. and ohmic potential 

drop in the electrolyte %(ER) at  1 cm intervals. along the length of the 

cell: It also calculates average current density and. average individual 

potentials for the entire cell. 



V.. EFFECT OF VARIATION IN OPERATING PARAMETERS 
UPON CELL .OPERATING GHARACTEMSTICS 

Selection of Cell Operating: Conditions 

In.order to determine the effects of variations in the operating 

parameters defined in Section I upon the variables characterizing cell 

operation, a base example, analogous for the model to typical operation 

of an industrial cell, was selected. The values of parameters used to 

establish this base example a r e  shown in Table PII. Other examples 

were then chosen in order to investigate the effects of varying the 

values of each of the operating parameters individually. The values 

of the parameters used in these examples a r e  listed in Table TTT; it. 

should be lwLerl IllaL i r r  each case a l l  parameters except the one being 

investigated a r e  maintained at the level used to establish the base ex- 

ample. 

- Each caf the examples listed in Table HHI was analyzed by the 

methods described in Section IV. The detailed results of these analyses 

in the form of local current densities, component poteiltials, and con- 

centrations at  each centimeter of cell length a r e  presented in tabular 

fo rm in Appendix V. These results a r e  summarized in Table PV, which 

includes average current densities and component potentials, and out - 
let -end concent rations. 

Effect of Anode Type 

Changing the anode from the drilled type used in the base 

example to a grooved type (see Fig. 2 )  has little effect upon cell 

performance. However, changing to a plane anode while maintaining 

other operating parameters a s  in the base example causes a drast ic  

reduction in current densities a t  al l  points in the cell. This effect i s  

illustrated in Fig. 3, which presents current distribution in the cell  

for the three  anode types. In the case of the plane anode the current 

density is reduced because this anode configuration does ndt facilitate 

the escape of evolved chlorine gas, and thus anode masking and in- 

clusion of gas bubbles in the electrolyte occur to a much greater  

extent than in the cases of the drilled o r  grooved anodes. 



Table I11 
-- - -  

Values of operating parameters for examples considered 

Example Anode . ET Q U s  m 
0 *6 d 

m H  )/ 
number type (volts) (gs&c) (em/,sec) (molality) : (ytO/o) (cm)  

1 
(bkse 
example) 



- . , . .  . . . . . . . . . . 
.Table IV 

. . 

S q m a r y . o f ,  cell operation for  examples defined.ih Table 111 

Example m~ N~ I -E , E  E av %v Rav Cav . 
number (molality] (wt%) (amp/cm2) (volts) (volts) (volts) 

1 
. . . (base 5.38 0. .1 99 ,0.349 : 1.56 0.481 . 1.76 

example ) 
2 5.39 0.198 0.347 1.61 0.430 1.16 



Fig. 3. ' Effect of anode type upon current  distribution. 
(1) Base example. (Type :B anode (drilled) ) 
(2 )  Type C anode (grooved) 
(3) Type A anode (plane) . , 



'Effect of Applied Total Cell Potential 

The total applied. cell potential (E ) has, a s  would be expected, 
T 

a profound effect' upon.the performance of the model. Other parameters 

being held constaht, .increasing o r  decreasing this potential from i ts  

valuk in the base ,example, (3s80 v) causes a c ~ F r e s ~ u l ~ . d i ~ ~ g  increase br  
decrease in average current density, which,a.s is sh,own in Fig. 4, i s  

almost. linearly related to voltage change. AS .the applied potential and 

thus'the average curl'kht dens'ity a r e  reduced, ihe current distribution 
. . 

in the cell becomes more  unifbkm, a s  portrayed in Fig. 5. 

. . . .  ~ f f e c t  of Urine Flow Rale 
. . 

, Va.pyihg b.rine . flow . ' ra te (Q) over a range spanning ,3870 of its 
. . 

' maximum value hai, 'ke i-y :iittl'c .effect' upon eel!, performance, other 
. . 

operating parameteis  being held constant, a s  is illustrated i n ' s i g .  6 .  
. . 

. . 
The average currekt  density.vaPies l e i s  than. 270~ and. the component 

potentials . . remain e s senCiaJly unaffected. , The insensitiveness of this. 

model to brine flow can, for the most part, be accounted for by  two 

basic factors: f i rst ,  there  is not a significant concentration polarization 

effect at the cathode, and thus a flow-dependent diffusion layer i s  not 

a consideration in,this cell; and second, the change in depletion rate 

of sodium chlo5ide ira  the brine due to i ts  changed flow rate is partially 

cauntcr-balanced by t h e  resulting slight change in current  density, so 

that concentration at the cell outlet is but little affected (see Table IV). 

. . . Effect . . of Amalgam Velocity 

. ~ h a & e s . , i n  the veiocity~ of the'. flowing amalgam cathode (U) have 

only a minor effect upon the model-cell performance i f  other operating 

pa=amet.ers a r e  rhaintained at  . their values for the base example. With 

a 2..5-fold sange.0.f velocities. considered, average current  density has 
. . 

a spread of l ess  than 47'0, and componerit potentials a r e  not appreciably 

affected. This behasiio'r is sl-hown in Fig. 7 and  is explained by the 

insensitivity of t+e cathode potential to sodium concentration in the 

amalgam'in the range of concentrations involved under this effect. 



Total cel I  potent ial ,  ET (vo l ts )  

Fig. 4. Effect of total cell  potential upon average current '  
density (all other o'perating parameters  a r e  at base 
example value s ). 



.- 
Fig; 5. Effect' of total  ce l l  potential upon cur ren t  distribution. 

(1) Base example (ET = 3.80 v)  
- (4) E T  = 3 . 4 0 . ~  * .  

(5) E T  = 3.60 v 
(6) E T  = 4.00 v 
(7) E T  = 4 . 1 0 . ~  



Brine flow rate, Q (gm solvent/sec) 

Fig. 6. Effect 'of brine flow ra te  upon average cur rent  
density (all  other operating parameters  a r e  a t  base 
example values). 



Amalgam velocity,  U (cm/sec) 

Fig. 7. Effect of amalgam velocity upon average cur rent  
density (all  other operating pa ramete r s  a r e  a t  base 
example values). 



Effect of Inlet Sodium Chloride Concentration in Electrolyte 

initial value), and 'the current density falls until it reaches a value for 

the bulk of the cell that i s  little affected by variations in.inlet amalgam 

concentration- over the range in question. 

. Effect of Distance between. Electrodes'  

The performance of the cell  i s  drastically influenced by the . 

distance established between the cathode and anode. If this distance 

is increased above the 0.500-cm value used for the base example, 

average current'derisity i s  markedly decreased (as shown in. Fig. 11) 

due to the increased ohmic potential drop in the electrolyte. . The - 
currerit distribution in the cell becomes more  uniform .as electrode 

spacing increases,  as .  i s  .shown in Fig. 12. 

The concentration of sodium chloride in the brine entering at  

the inlet end of the cell has a pronounced effect upon cell performance, 

due primarily to i t s  effect upon electrolyte conductivity. . Altering 

inlet concentration over a range from 5.0 to 6 .43  molal (saturation) 

caused variations spanning 8.570 in current density, a s  shown in ~ i ~ . .  8. 

However, the distribution of total potential among anode, cathode, and 

ohmic drop potentials i s  completely insensitive to inlet concentration 

of brine in the range of concentrations considered. 

Effect of Inlet Sodium Concentration. in. Amalgam 

Although sodium concentration in : Lthe amalgam ente ?ing at 

the inlet end of the cell has little effect upon .overall cell performance . . ... , 

in, the range of . . concentrations considered. (.0.005to 0.05wt% Na). a s  . r . f l  -.. 

i s  illustrated in Fig. 9, this operating parameter .has an important 

effect upon current distribution .in. the cell, a s  i s  shown in Fig. 10. 

Low sodium concentrations in the inlet amalgam reduce cathode 

potential to an.appreciable e.d,ent (see Eq. (15)) near the inlet end of 

the cell and permit high local current densities to be attained. How- , *.  

ever, a s  sodium is transferred to the flowing.amalgam electrode, the 

very low initial concentration is rapidly increased (relative to the 



I n i t i a l  NaCl conc., mo ( mo1~/1000grn H 2 0 )  

Fig. 8. Effect of inlet sodium chloride concentration in 
electrolyte upon average cur rent  density (all  other 

. . operating pa ramete r s  a r e  a t  base example values). 

i 
i 



0 0.0 2 0.04 0.06 
I n i t i a l  Na cqnc. in amalgam, No ( w t  Ole) 

Fig. 9. Effect of inlet sodium concentration in amalgam 
upon average cur rent  density (all other  operating 
pa ramete r s  a t  base example values). 



Fig. 10. Effect of inlet sodium concentration in amalgam 
upon current  distribution. 
(1) Base example (No = 0.010 wt%) 
(14) No = 0.005 wtyo 
(1 5) No = 0.020 wtyo 
(16) No = 0.050 wtOJo 



'In'terelec'trode d i s t a n c e ,  d ( c m )  , . 

M U -  
.. . . .  . .  

Fig. 11. Effect of .distance between electrodes upon average 
current  density (all other operating parameters  at 
base example values). 



Fig. 12. Effect of distance between electrodes upon cur ren t  
distribution. 
(1) Base example (d = 0.500 c m )  
(17) d = 1.00 c m  
(18) d = 3.00 cme 



VI. CONCLUSIONS 

'If a factor representingthe effect of each of the operating 

.parameters upon the average current density for .the cell i.s considered 

in the form . , . . 

where. the s ta r red ,  quant.ities refer  to base e.xample .values, the 
' 

average values for the.factors, F ,  for the parameters considered a r e  

, a s  shown in Table V. 

' . Table V 

~ f f ec t i venes s  factors for operating parameters 

Operating parameter Fav 

Although the applied potential (ET) can most effectively in- 

fluence average current density, increases in this parameter also 

increase in direct proportion the power consumption per unit product 

for the cell. Thus, by discounting this parameter  and considering the 

base example a s  . a  starting Ipoint, current densities may be most 

readily increased.by increasing inlet sodium chloride concentration 

in.the brine (mo) o r  be decreasing electrode spacing (d),. The con- 

centration m cannot be greatly increased, because saturation i s  
0 

reached at  6.43 molal (at 65OC). . The decrease in distance between 

electrodes i s  governed by .the mechanical details of construction of 

the cell. 

For  the model considered, it i s  important that inlet brine be 

saturated and that electrode spacing be minimized to achieve highest 

average. current densities without increasing power consumption per 



unit product. To a lesse r  extent, high brine and amalgam velocities 

and low inlet concentrations of sodium in the amalgam also help to 

achieve this result. 

In the anologous industrial caustic -chlorine cell,' since inlet 

brine concentration i s  limited by brine -concent ration equipniel~l, the 

importance of maintaining minimum electrode spacing becomes the 

overriding consideration. Unfortunately, this objective is not usually 

accomplished in industry. 

Within the limitations of the model a s  defined for this study, 

realistic expressiofis have been uscd.  to ~ h a r a c t e ~ i 7 . e  the individual, 
. . 

dktailed processes 'involved. This .realistic representation would not . . 

laamvc bcsn possikle if consideration had been restricted. to linear 

relationships. Models more  closely corresponding to industrial cells, 
. .. 

egpecially in regards to nonisothermal operation, can be defined and 

analyzed.. In. the, case of a nonisothermal model, a local heat balance 

for each.cel1 increment wodld be. required' in the analysis of cell 

operations. . 

By such techniques as used in this investigation, models which 

have been. defined. to r e a l i ~ t i c a l l . ~  repre sent given 'industrial cells can 

be analyzed to determine cell perfoPmance for any given operating 

conditions o'r ,design. parameters. Given: a 'criteria for opti~num op- 

eration, one can- find. the operating conditions to achieve this goal. 

T ~ I I , ~ s ,  the analysis of realistic theoretical cell models by methods 

similar to those used in this dissertation provides a tool fo r  

rational cell  design and operation. 
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. , .  . . Mean Ionic. Activities for '  Concentrated'' ':, ' ' 1 . 

0 .  < :  . . Sodium Chloride Solutions at 65.  C 
. Mean ionic .activity .coefficients for sodium chloride in water 

a t  6 5 O ~  a r e  calculated from, the activity coefficient8 at 2.5OC by use 

of the formu1.a given by Harned and Owen: 
27 

0 0 log y, = log yi(25 C)  t 1 2 c 2 (25 C )  - 7 2 ( 2 5 0 ~ ) .  (32 )  

, where, the values of y and z a r e  taken from Table 5- 1-2 (for8 6 5 " ~ )  

of the reference cited, and ol E2(i!5Oc) and ~ ~ ( 2 5 ~ ~ )  from Tables 

8-2-2A and 8-4-3, The mean activity coefficients a1 2 5 O ~  a r e  

ext rac ted  f rom Conway; By substitution in Eq. (32), the activity' 

coefficients and in tu rn  the activities a r e  derived, a s  summarized in 

,- Table VI. 

' Table VI 
P P - 

0 Mean ionic activities and activity coefficients for NaCl in at 65 C 

~ o l a l i t ~ ( m o l s /  1000 gm H20)  Activity coefficient Activity 

m y * a * 

These data a r e  put in a fo rm amenable to computer use by a 

regress ion analysis of the fo rm 
2 a = a f b m + c m .  * 

This yields the relation 

2 
. a, = 1.84 - 0.281m + 0.152m ., (34) 

which is compared in Fig. 13 with the data utilized. 



Fig. 13.  Mean ionic.activity vs  molali ty for  aqueous 
sodium chloride at  6 5 O ~ .  

, . . . 



APPENDIX I1 

Activities for Sodium in Dilute 

Sodium Amalgams at 6 5OC 
0 

Sodium activities in dilute sodium amalgams at 40 C, 60°C, 

and 80°c ark'calculated by considering a cell  with a concentrated 

aqueous s o d i d  chloride electrolyte and two sodium amalgam 

electrodes of different compositions. Under these circumstances we 

a .. 
2 - 

AE 3 
= exp 

"1 RT 

The equilibrium potentials, Ei, together with electrode c o ~ n -  

positions, a r e  given for a number of these amalgam electrodes in 

300 gm/l  NaCZ at the above-mentionkd temperatures by Sugino and 

Aoki. Z9  F r o m  thesc data -a se r ies  of cel ls  may be established by 

arranging the potentials, Ei, in descending order ,  and their  cell  

potentials calculated according to 

If a pseudo-ac t iv i ty~a ' '  = 1.000 i s  arb i t rar i ly  se t  f o r  lilt moot conccn- 
2 

t ra ted  amalgam in  an  electrode 01 the s c r i e s  and pseudo-activities for  

other amlagams a r e  scaled from this  basis  by Eq. (36), a pseudo- 

activity coefficient 
a ' f '  = - 
S (38) 

may be e'stablished, where S i s  the mol fraction of sodium in the 

amalgam, 

Then f '  i s  extrapolated to zero  concentration, and the resulting f t O  

compared to f which must be 1.000. Thus t r ue  activity coefficients 0' 
may be found f rom the expression, 



f '  f =- , 
. f t  (40) 

and activities in turn.  calculated. 

The resulting activities show no appreciable variation with 

. . temperature, and when compared with the data of Yoshizawa and Mutoy 
30 

. , which were taken a t  8 0 ~  (see Fig. 14) a r e  found not to differ signifi- 
.., . . . 

&antiy over t h e  range o f  concentrations of interest.  These data m a y  

. .. be.  repr:esented in a form suitable for computer calculations. .as 

In a 
. NaHg 

= .1.26 In N - 1.31, 

which i s  compa.red.to the data in E'ig. 14. I 



No conc. in ornolgom, N (wt0 /0 )  
MU-20153 

Fig. 14. Activity vs concentration (wt% Na)  for  sodium 
in sodium amalgam at 6 5 ' ~ .  
0: Data of Yoshisawa a n d  ~ u t o ~ ~ ( 8 0 ~ )  
A: Calculated f rom data of Sugino and ~ o k i ~ 9 ( 4 0  to 80°C) 
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. APPENDIX I11 

Conductivitv of Concentrated 

Sodium Chloride Solutions at  65OC 

The conductivities of pure, concentrated, aqueous sodium 

chloride solutions. at 6 5OC a r e  interpolated from data published in 

the: ~ n t e r n a t i o d l  ~ i i t i c a l  ~ab1e . s  ' and Landolt -Bornstein. 32 The . 

available data are. f i rs t  +kotted a s  specific conductance vs  - temperature 

at .various concentrations, a s  in Fig. 15. These data a r e  then.cross-  

plotted to yie1d.a curve (Fig. 16) showing specific condi~ctance - vs 

concexitration at 65OC. The portion of this curve representing.the 

.range of concentrations. of interest (4.0 to  6.43 molal) i s  represented 

in a form suitable for computer use a s  

2 
k := -0.093 + 0.161 m - 0.0114 m , e - 

which expression i s  also represented in Fig. 16. 



20 40 60 

Temp. (OC) 

Fig. 1 5. Conductivity vs  tempera ture  for  aqueous sodium 
chloride solutions. 



. . 

No C l  conc., m (mols/1000gm H20) 

< . '  

Fig. 16. conductivity vs molality for aqueous sodium' 
khloride solutions at 6 5 O ~  (data from cross -plot. 
of Fig. .15). 

. .. . . 



APPENDIX IV 

Standard Cathode Potential 

for  Na(Hg) + ~ a +  + e -  a t  65Oc 

The standard cathode potential for the reaction 

Na(Hg) - ~ a +  t e -  (k 

will differ from that for  the reaction 
. . 

~a + ~ a + t  e -  (1 

since the standard s tates  for  unit activity of sodium differ in  the two 

cases.  In addiliuli, thc standard potential is required a t  65Oc, not 

the usually specified 25Oc. 

The standard cathode potential a1 G ~ O C  consistent with the data 

utilized for  activities of sodium in  amalgam a r e  obtained froin the 

equilibrium potential data of Sugino and Aoki. 29 This source l i i t s  

equilibrium cathode potentials r e fe r red  to  a 20°c saturated calomel 

electrode for  severa l  corlcentrations of sodium in sodium amalgam and 

sodium chloride in the aqueous electrolyte, and for tempera tures  of 

40°c, 60°C, and 80°C. The reaction cell  i s  

o RT 
a 

EC E EC - in a 
NaHg 

where activities a r e  derived f rom Appendices I and I1 and where E 
C 

must  f i r s t  be converted to  r e fe r  to  the standard hydrogen electrode. 

F o r  t h e s a t u r a t e d  calomel electrode a t  20°C, Sugino and Aoki give 

the potential r e f e r r e d  to the hydrogen electrode a s  -0.249 v, 29 Thus 

0.249 v must  be subtracted f r o m  .the cathode..potential data before it 

is used in Eq. (44). When the calculat.ions a r e  ca r r i ed  through one 

obtains the resul ts  shown in Table VII. 



Table" VII 

Standard. cathode potential f o r  Na (Hg ) + ~ a +  + e - 

. . Temperature . Average.standard 

. cathode potential . 

Thus at 6 5 ' ~  the standard.potentia1 for reaction (k) i s  1.935 v. 



' APPENDIX V 
.. -. . . . . .. . . . .  . .  . , . .  , , 

. . 
' Detailed Characteristics 'of Cell 

. . .. . . 
. . . Operation for Examples Considered 

i Listed on the following pages a r e  the detailed resul ts  of analysis 

. . of examples . . 1 through 18, from . which . . . .  the . sulnmary .- . in Table IV is  

derived. In these listings the f i rs t  two lines indicate the operating 

parameters  ,defining the example, with the following notation: 

a ANUIJIE TY17E-- type of anode a s  shown in Fig. 2. 

h. U - - arnalgam ve1,ocit) '(cm/'sec) . . 
c .  Q - -  brine flow ratc (grn H ~ O / S ~ C )  

. . , . 
.d. d '- - distance betwein klectrodes ( cmj  

e. ET-  -total applied cell  potential (v)  

f . No - -inlet sodium concent ration in amalgam (wt% Ns) 

g. m --inlet NaCl  concentration in brine (mo1/1000 gm HZO)* 
0 

'The following lines of the tabulations list ,  characteris t ics  of 

cel l  operation a t  each centimeter of cell  length, a s  follows; 
\ 

a. CARD--distance in tens o f  centimeters from cell  inlet 
2 

b. I--current  density (amp/cm ) 

c. -EA - -anode potential (v) 

d. EK--ohmic potential drop in electrolyte (v) 

c. Ec - -cathode potential (v) 

f . N- -sodium concentration in amalgam (wt7.1 Na) 

g. m--NaCl concentration in brine (rno1/1000 gm H20)  
-1 -1 . h. k --electrolyte conductivity (ohm cm 

m 
The last  line indicates average values of current  density and individual 

potentials for the cell. 
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Svrnbol ... . . Definition : 

English Let ters  
. . . . . .  .: ' ' . . 

Activity 
- .  . . . . . .  

Thickness of laminar cathode diffusion layer  (cm) 
. . .  . . . . 3 . '  

Concentration in aqueous solution (mol/cm ) 
. . 

2.   iff us ion coefficient (cm / sec )  
. . .  .. !. 

Distance between electrodes (cm) 

potential (v) 
. . .  . . . .  . . 

Anode potential (v) 
. .  ? . . . . . .  

Cathode potential (v) 

Ohmic potential drop in electrolyte (v) 
! :  

Total applied cel l  potential (v) 
. . . . ... 

Effectiveness facl;or for  operating parameters  
. . . . 

~ a r a d a ~  constant (96,500 coul/equiv) 

Activity coefficient in sodium amalgam 

Rate of t r ans fe r  of sodium chloride f rom brine (mol/sec) 

2 Current density (amp/cm ) . 

Relative conductivity 

Conductivity (ohm '-I c m  - . l ) . '  
' % . . . . .  

Cell length (cm)  

Molecular weight , 

sodium chloride concentration in brine (mo1/1000 gm H 0) 
. . 2 

. . . . . .  
Sodium concentration in amalgam (wt 70 sodium) 

. . . . .  . . . . . . . .  . . .  
General symbol for  operating parameter  

Q Brine flow ra te  (gm H ~ O / S ~ C )  
. . .  , . : .  . 

I .  
. , .  . . . . .  



Symbol Definition 

R Gas Constant (8 .3  13  joules/mol OK)  . ,  
. . 

S ~ o l  fractidn sodium in amalgam 

T 
0 Temperature ( C o r  OK) 

t+ 
Transference number of positive ion 

u Velocity of flowing mercury  'cathode (cm/sec) 

x Distance alur~g length of r.el.1 f rom inlet, (cm) 

Greek Letters  

as ps Y Regression constants in Eq. (20) 

6 Boundary layer thickness (cni) 

6, Displacement thickness (cm) 

' 1 .  Current  efficiency 

XJ Ps 6 Regression constants in Eq, (24) 

v 
2 

Kinematic viscosity (cm / sec )  

P Resistivity (ohm cm) 

sat  

wall 

Total electrode overvoltage (v) 

~ v e r a ~ e  

Pertaining to chlorine (gas o r  solute) 

Pure  electrolyte 

Conditions at outlet end of cell  

Electrolyte with entrained gas 

Conditions at inlet end of cel l  
. . , . 

Pertailiing to  sodium in  amalgam 
.. . . . 

Saturated 

Pertaining to, conditions a t  electrode surface 



Symbol 

1 9  2, e . . 
. * 

Definition 

General indices 

Mean ionic value 

Superscripts 

Standard value for electrode potentials 

Base example value 



, ! .  
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