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SUMMARY 

The use of the trichloroisocyanuric acid (T.C.A.) - 

aluminium system as a seawater activated primary reserve battery 

has two advantages. It has a high energy density and in addition 

the electrode materials are cheap to manufacture. 

However, the poor storage stability of the cathode has 

limited its practical use. Under ambient conditions a 10% loss 

of chlorine has been detected within a period of one week. This 

phenomenon is thought to be mainly caused by interfacial contact 

between the T.C.A. and acetylene black. It involves electro- 

‘chemical self discharge and free radical and ionic reactions. 

Several stabilizers such as boric acid (oxide) and zeolites were 

used in an attempt to reduce the chlorine loss. To date only 

boric acid improved the stability of the cathode to any extent. 

Alternative methods to increase stability of the system have been 

investigated. For example, the cathode design was altered, the 

T.C.A. powder being sandwiched in between layers of acetylene 

black. This cathode design has improved storage stability and 

Maintained good discharge performance. 

A mathematical model was developed to describe the 

discharge characteristic of the sandwich type cathode, ee 

suggests that the discharge is mainly an internal diffusion- 

controlled process.
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CHAPTER 1 

i, INTRODUCTION 

1.1. The Seawater/Water Activated Reserved Primary Battery 

As demands for a high energy output battery have increased 

scientists have begun to look for more active materials than those 

used previously. There are, in fact, only few systems which are 

capable of producing a high energy output if aqueous. solutions 

under ambient conditions. Unfortunately, most of these systems 

do not possess the long-term storage stability required for a 

practical battery. This is probably due to side reactions bet- 

ween the active materials and the electrolyte which lower the 

battery capacity. | 

In some systems, storage stability has been improved 

by separating these materials from the electrolytes, thus keeping 

them dry during the storage period. The electrolyte is then 

introduced when discharge is required. This "Reserved primary 

battery" has in many cases been successful in-preventing deterio- 

ration during storage. Wench eet systems like the silver 

by 2 ate and cuprous chloride — magnesium °° chloride-magnesium 

types have achieved some practical success, the high cost of ca- 

thode materials has limited their use to emergency and military 

applications. For wider use therefore it is necessary to find 

alternative cathode materials which are less expensive. 

Attractive substances include combination involving 

the halogens, as well as with the hypohalous acids and salts. 

The halogens were a possibility because of their high electrode



potential and high ampere-hour capacity perere weight. However, 

cell design difficulties were encountered because of the toxic 

and corrosive nature of these materials. The hypohalous acids 

and their salts have low stability which, combined with their 

high solubility in ambient conditions, have made them Chacicabie. 

for a practical battery design. 

N-Halogen solid organic cormsitide have been found to 

have similar electrochemical properties to those of hypohalous 

acids and their salts. Most of these compounds normally exist 

as crystalline powders which are stable in ambient conditions. 

Moorehouse and Glicksman’ determined the theoretical capacity 

and electrochemical characteristics of these compounds. They 

found that the potential of these electrodes were very stable 

during discharge. Hence, they may be of great value in battery 

manufacture. 

1.2. N-Halogenated Compounds as Primary Battery Cathodes 

* 

Various workers????10211 4 ave used N-Halogenated com- 

pounds in the design of primary battery cathodes. These subs- 

tances are easily hydrolysed in aqueous solution and, therefore, 

the cathodes was mainly designed as a ‘reserved primary system'. 

wegen used N-Halogenated compounds coupled with a Zn anode for 

dry cell applications, Gruber” developed the "dry tape battery' 

using N-Halogenated compounds coupled with magnesium and lithium 

anodes. With a magnesium anode the cell was reported to be 

able to deliver an energy density of 100 W-hr/1lb at a cell



“voltage of 2.0 volts, but, with the lithium anode at a cell 

voltage of 3.0 volts, it delivered 200 W-hr/lb. It was claimed 

that these cells have a long shelf life and a stable performance 

  

over discharge. Williams et at use dichlorocyanuric acid 

as a cathode material with lithium as an anode. When the cell 

was discharged in organic electrolytes, it delivered energy 

density of 200-400 W-hr/1b. Recently, Pearce et apt i have 

successfully used trichloroisocyanuric acid (T.C.A.) cathodes 

coupled with an aluminium alloy anode for the construction of 

a new type of seawater activated battery. In an acidic environ- 

men (pH2) the cell had an open circuit potential of 2.2-2.3 volts. 

In acidified chloride solution the reaction at the 

cathode and anode are described as follows:- 

Cathodic 

QO 0 
nw tl 

ay Ses 
—> 

| fae a) HH +3 Cl, 
a =0 Oo= =) 

GL H 

Gio +2 6.32 C1? 

Anodic 

Moose CAL? He 

A? 4 hoo eS Mi (one + HE 

The protons produced from the anode reaction maintain 

the acidity in the cathode. 

This cell could be used for both high (100 mA/cm2) 

and low (5 mA/em*) rate discharge and had a typical energy of 700-800 J/g.



Owing to the incipient chemical reactivity of T.C.A., 

the storage stability of the compressed T.C.A./acetylene black 

cathodes presented problems. Preliminary investigations by 

Hazzard et ait? showed that an appreciable chlorine loss was 

detected when the cathode was stored over CaCly or P205 at ambient 

temperature for a period of one year. The rate of loss was 

increased considerably at elevated temperatures (40°C). This 

has therefore precluded the T.C.A. - aluminium battery as a high 

energy density, low cost system. 

Boric acid, sodium tripolyphosphate and trisodium 

phosphate are useful stabilizers - but long term reliability 

studies on these materials have not yet been carried out. 

1.3. Objectives of Present Studies 

The present investigation is an extension of work 

carried out by Pearce et mo The main topic of the 

studies are listed below:- ° 

(a) Elucidation of the mechanism of chlorine loss from 

the T.C.A. cathode. 

(b) Elucidation of the mechanism whereby boric acid 

stabilizesthe T.C.A. cathode. 

(c) Investigation of alternative and more efficient sta- 

bilizing additives other than boric acid. 

(d) Quantitative analysis of the sys tem with a view to 

predicting the stability of the cathode. 

(e) Investigation of the effect of the microstructure of



the cathode mixture on its long-term stability and 

electrochemical performance. 

(f) Investigation of new cathode structures which can 

maintain long-term stability and good electrochemical 

performance. 

1.4.  Trichloroisocyanuric Acid (T.C.A.) 
  

Trichloroisocyanuric acid (T.C.A.) which is also marketed 

under the trade name pichion is a white crystalline powder. 

The dried crystals alone do not lose chlorine when stored for a 

period of one peak However, in aqueous solution this compound 

rapidly hydrolyses into hypohalous acid, and therefore has 

powerful oxidizing activity. It is, at present, a popular new 

material for detergent applications. 

T.C.A. is a cyclic N-Halogenated derivative of iso- 

cyanuric acid. Its structure is illustrated below:- 

CT.G. 4.) 

The manner in which the chlorine atoms are introduced 

into T.C.A. molecules as follows:-



0 0 
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The chlorine atom attached to the nitrogen atom is 

described as a positive chlorine atom and resembles the chlorine 

atom that is attached to the ccs atom in hypochlorous acid. 

On dissolution T.C.A. can produce more than ten organic 

species in water. The equilibrium constants concerned with 

these species were measured by Brady eb ate” using titrimetric 

and spectroscopic techniques. paviiipa’ calculated the con- 

centration profile of T.C.A. in 0.5M sodium chloride solution at 

pH 2. He claimed that under these conditions three predominant 

species were present which were chlorine, cyanuric acid and 

some monochloroisocyanuric acid. These results were coat tues 

by his cyclic voltametric analysis: Two distinct peaks associated 

with chlorine and monochloroisocyanuric acid were observed. 

Phillips suggested that the mechanism of T.C.A. reduction in acid 

solution was initiated by the formation of chlorine and monochlo- 

roisocyanuric acid. The reduction of monochloroisocyanuric acid 

was a slow process. 

In basic solutions T.C.A. was mainly converted into 

hypohalous acid and dudlinsisogvenubate This was supported 

by the results obtained by Khan! who studied the reduction of 

T.C.A. in sodium hydroxide solution. He claimed that only one 

peak corresponding to OC1™ was observed in the cyclic voltametric



analysis and postuiated the T.C.A. reduction mechanism as follows: 

OCL” +H,O +e Belt cr +2 On 

Gi ee eS ci7 

ee Surface Groups on Graphite and Carbon 
  

Like many other crystalline solids graphite has many 

electrolytically unsaturated sites which are normally saturated 

by the formation of different types of surface oxides. In the 

crystalline form graphite has a relatively low surface area, 

with only a small amount of surface oxides. This makes their 

identification very difficult. Preparation of high surface 

area graphite, however, facilitates the easy detection of these 

surface oxides. 

The formation of oxygen bonds on high surface area 

graphite was first identified by beueruee 7 Sneth corroborated 

these findings. He observed that the chemisorbed oxygen was 

present on active carbon and could be removed as oxides of 

carbon on heating. Based on the known structure of several 

organic compounds, Schillow eeay. 7° described the chemical 

structure of these surface oxides. 

A number of workame ao eo" found that the catalytic 

properties of graphite for some specific reactions was accounted 

for by the nature of its surface groups. These may be acidic, 

basic or neutral in their chemical character.



(i) Acidic Surface Groups 

The formation of acidic groups normally occurs of 

at 
eitherjhigh temperatures in the presence of oxygen or in aqueous 

solution at low temperatures. Their presence normally gives 

graphite high surface area andCO,2 will desorb on ieetne 

Several analytical methods were used to identify 

the structure of these oxides. These include (a) decarboxy- 

lation with NapC03~" (b) neutralization with dilute sodium 

heresies (c) reaction with diazometharm to give methoxy 

derivative followed by subsequent hydrolysis with mineral ce 

235 30730 
(d) infra red spectroscopic analysis. The infra red 

spectroscopic analysis has identified the presence of =COdn 727 

and Noctua” groups on the graphite surface. 

Puri a correlated the amount of CO» evolved 

on heating carbon to the amount of the surface oxides which can 

be neutralized by sodium hydroxide. They noticed that the 

graphite lost its ability to neutralize sodium hydroxide after 

it had been heated at 700°C to remove all the CO. They, 

therefore, concluded that a surface group which reacted acidically 

was the Cay source of C09. Seid epaber and Weise suggested 

40-43 
that this acidic group was lactonic in nature but Puri et_al. 

considered it had the structure below:-



boda? then postulated two different strengths of 

acidic groups on the graphite surface which will be attributed 

to the source of COy evolution on heating. The stronger was 

a carboxyl (- COOH) group which reacted with sodium bicarbonate, 

whilst the weaker was a lactone of carboxylic acid which reacted 

: : E4O-43 BU hale : 
with sodium carbonate. Puri criticized these ideas, as 

even the weak acidic group should be neutralized by alkalis of 

different strengths. 

The structure suggested by Puri was supported by the 

46 47 
work of Dollimore et al. and Harkner et al. They found 

that the rate of COy desorption followed the Elovich equation, 

which indicated that the release of CO9 mainly originated from 

the same type of site on the carbon surface. 

However, the exact structure of these oxides are still 

largely in dispute, as no true account of all the adsorbed oxygen 

has yet been made. 

(ii) Basic Groups 

When graphite/carbon is heated above 850°C in the 

absence of air basic surface groups are formed on its surface. 

Early studies by Burstein and Pome showed that 

when carbon was heated to 950°C and cooled in nitrogen, it gained 

the ability to adsorb mineral acids from a solution containing 

oxygen. Shilov et ee claimed that this ability was dependent 

  

upon the partial pressure of oxygen. They suggested that two 

basic oxides were present on the carbon surface. One of these 

was dependent on the partial pressure of oxygen whilst the other



10 

was not. Similar results were obtained by peebeohucider. 

Sterne found that the adsorption of acid on the 

basic carbon surface was physical in nature and could be removed 

by shaking in toluene. To account for. this he postulated that 

the adsorption of acid onto the carbon surface involved the 

adsorption of H’ which then attracts the main species into the 

double layer. 

“The fact that in the hydrochloric acid solution, the 

presence of basic oxides lead to hydrogen peroxide decomposition 

was noted by Burstein and coma Hence, they suggested 

the following mechanism: 

(05 i BE > ee + te xY¥2 x 2 22. 

This equation implied that the amount of H209 evolved was equal 

to the amount of acid adsorbed. But this was not found to be 

the case experimentally. This inconsistency could be attributed 

to the decomposition of peroxides on the carbon surfac Bese 
+ 

which leads to the reduction of peroxide concentration in the 

solution. 

Garten and ee on the other hand suggested that 

the adsorption of acid on the basic carbon may be caused by 

both physical and chemical processes. The chemical adsorption 

was mainly due to the presence of a chromene group. This was 

oxidized in the presence of acid to the corresponding benzopyran 

and benzopyrylium systems, together with hydrogen peroxide de- 

composition. The mechanism of the acid adsorption was therefore 

proposed to be:-



1 

N of : H x On Q 

+ 

| Po Ro Ole 
or 09 + H909 

ee 
HEL fo 

This theory of chromene structure was disputed by Boehm” as 

carbonium bases are normally very weak, and washing would be ex- 

pected to complete the hydrolysis. Nevertheless, carbon cannot 

be completely freed from bound acid by washing aia 

(iii) Neutral Groups 

The neutral surface groups existing on the carbon 

surface are normally recognized as quinone surface groups which 

release carbon monoxide on heating. A number of workers have 

: f2 953155 
reported the presenceof the quinone group on carbon surfaces 

The ability of the neutral carbon surface to adsorb acid after 

electrolytic reduction was therefore attributed to the reduction 

DI 60), 01 62-64 
of quinone into hydroquinone. In addition, Puri et al. 

suggested a second kind of neutral surface complex. This was 

formed by the elimination of the adjacent CO9 molecules from 

the carbon surface, followed by the fixation of oxygen molecules 

onto the unsaturated carbon —- carbon double bond. The mechanism 

was described as follows: 

<j = ee Bhs 

ae es C
d
 

 



ile? 

The formation of an unsaturated C==C bonds was 

later supported by the finding of Stearn etn They 

claimed that carbon was capable of fixing bromine in aqueous 

solution. Of course it is well known that pure graphite 

contains dneaper cee Pi diecarbon bonds and it is not too 

surprising that the surface of graphite crystals can react 

with bromine in this manner.
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CHAPTER 2 

ee THE LOSS OF CHLORINE IN THE T.C.A. CATHODE DURING STORAGE 
  

2.1. Introduction 

T.C.A. crystals alone are very stable when stored in 

dry ambient conditions. However, after mixing with acetylene 

black, chlorine is liberated. This- suggests that the presence 

of acetylene black destabilizes the T.C.A: cathode during storage, 

and hence diminishes its capacity. Although corresponding 

reactions have not yet been identified, it is likely that a 

catalytic reaction is a primary cause of the phenomenon. 

A preliminary investigation of the effect of storage 

environment, the weight ratio of T.C.A to acetylene black and 

the T.C.A. aggregate size, on the rate of chlorine loss from 

the cathode was carried out. It was hoped that the results 

from the experiment would provide useful information from which 

a eenkreve Underskarline of the causes from the system would 

be achieved. 

2.2. Experimental 

2.2.1. Preparation of Samples for Storage Testing 
  

0.1g T.C.A. powder was mixed in a glass jar with 0.05¢g, 

O.lg, 0.15g, 0.2g and 0.25g of acetylene black respectively 

using achromium plated microspatula. 

2.2.2. Sample Storage 

The prepared samples were stored under:
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Be Agta sien oak (i) Ambvent condition: ambient Conaicion 

' Where the mixture was exposed to air. 

(ii) Nitrogen atmosphere: 

The jars holding the mixtures were located inside a silicon 

tube which was continuously flushed with dry nitrogen at 

20°C. The nitrogen was dried by passing it over activated 

5A molecular sieve pellets contained in a drying tube. 

(iii) Accelerated conditions: 

This storage condition was specifically designed to simulate 

long-term storage. The reaction was accelerated by 

storing the sample at 40°C under 75% humidity. 

2.2.3. Determination of Available Chlorine in the Reaction Mixture 

The available chlorine content in pure T.C.A. was 

determined by using a standard iodotitrimetric method as described 

below. 

T.C.A. powder was transferred into a 250 ml flask con- 

taining 10% W/W potassium iodide solution (20 ml) and distilled 

water (80 ml). The solution was mixed with a magnetic stirrer, 

until the powder was completely dissolved (1 to 3 minutes) 

50% V/V sulphuric acid (10 ml) were added and the mixture was 

allowed to stand in the dark for 1 minute. The solution was 

titrated with standard 0.1N sodium thiosulphate until a pale 

straw colour was achieved. Starch solution was then added as 

an indicator and the titration continued until the blue colour 

was discharged, the solution remaining colourless for one minute.



LS 

The volume of sodium thiosulphate solution at the end of the 

titration procedure was recorded. The percentage of chlorine 

available was calculated by using the formula below:- 

@ availile cnichoe & (ml thiosulphate)' x (normality of thiosulphate) x3.545 

Weight of T.C.A. in solution 

In samples containing acetylene black the use of 

starch as an indicator was inefficient due to the colour of the 

solution. An iodopotentiometric titration method was therefore 

used. The solution was prepared as described previously. A 

standard calomel and a platinum electrode (5 cm2) were immersed 

into it, and connected to a potentiometer. The end of the 

titration was indicated by a sharp change in potential, and was 

calibrated using a pure T.C.A. solution. 

2.2.4. Preparation of T.C.A. Aggregates of Controlled Size 

Coarse grade T.C.A. crystals were crushed in a mortar 

and pestle. © whe vesultant aggregates were separated by sieving. 

Thus varied, controlled-size of aggregates were obtained. An 

Olympus optical microscope was used to assess the mean diameter 

of the agétepates: Thesewerelater mixed with acetylene black 

powder for storage tests. 

2.3. Results and Discussion   

The rate of chlorine loss in the T.C.A. - acetylene 

black mixture during storage was affected by the weight ratio 

of the T.C.A. - acetylene black as well as the duration of the
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storage period.(Figs. 1 & 2) Up to a ratio of 1.5 the rate of 

chlorine loss was directly proportional to the loading of the 

acetylene black.(Fig. 1) THe reactor. the rate of loss did not 

increase. This suggests that the rate is proportional to the 

interfacial contact area between the two aggregates. 

The average diameters of T.C.A. and acetylene black particles 

were 150 um and 1.38 um respectively. Therefore the amount of 

acetylene black required to form a complete mono-layer over O.1¢e 

T.C.A. is. only 4.8 x 1073 (see Appendix I). This is clearly 

much less than the value of 0.15g at which maximum chlorine losses 

were found. This suggests that factors other than contact area 

contribute to the rate of chlorine loss. 

Acetylene black is capable of adsorbing moisture from its 

surroundings. An increase in loading will concommitantly raise 

the total moisture content in the reaction mixture, and this could 

accelerate the decomposition process. This hypothesis is 

supported by the Sean obtained, that the rate of chlorine loss 

from samples stored in a dry nitrogen stream is 5 times less than 

that from samples stored under ambient conditions.(Fig. 3) 

Thus, as the dry nitrogen was passed over the reaction 

mixture, moisture was removed from the reaction mixture's surroun— 

dings in addition to that which was pre-adsorbed on the acetylene 

black surface. Hence, the progress of the reaction was inhibited. 

It was also found that chlorine losses are reduced as 

loading was increased from 0.15g to 0.25g, after prolonged storage.
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from 7.to 30 daye. (Fig. 1) --The loss ‘is Sian at. 0.198, any 

further increase in loading being ineffective in altering the 

rate of reaction. The excess acetylene black will adsorb some 

chlorine gas produced from the reaction, thereby preventing 

its release into the atmospheres 60209?! Further increase in 

pho: ktoant of acetylene black in the mixture, will clearly 

facilitate an increased adsorption of chlorine. 

The relationship between the rate of chlorine loss 

and the aggregate size of the T.C.A. is illustrated in Fig. 4. 

The amount of chlorine loss was increased from 33% to 55% as the 

T.C.A. aggregates diameter were varied from 1.85 x 1073 cm to 

2.287 x 1072 cm respectively. For an Pt oc eaeaai4 catalized 

reaction, the rate of reaction is generally proportional to the 

amount of interfacial contact i.e. the surface area between 

T.C.A. and acetylene black aggregates. This is, in turn, 

dependent on the specific surface area of both T.C.A. and 

acetylene black. Assuming these aggregates are spherical the 

specific surface area can be related to the aggregate diameter 

as follow :- 

aoe 5s = od 

where S = specific surface area (cm2/g) 

- D
 i aggregate density (g/cm 

a
 i} aggregate diameter (cm) 

. . On, 
In this case the rate of reaction is) inverse 

function of the aggregate diameter of T.C.A. and acetylene 

black which is in agreement with the results presented in Fig. 4.
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CHAPTER 3 

3. MECHANISM OF CHLORINE LOSS FROM THE T.C.A./ACETYLENE BLACK 

CATHODE. 

3.1. Introduction 

The loss of chlorine from T.C.A./acetylene black 

mixture has been identified as an interfacial reaction where 

acetylene black acts as a catalyst. 

This chapter is concerned with the mechanism of 

reactions involved in chlorine loss. Several possible reactions 

mechanisms have been postulated, based on the electrochemical 

and chemical properties of both the T.C.A. and acetylene black. 

These include an electrochemical self discharge reaction, free 

radical reactions and ionic reactions. 

The study of these reactions which might occur simul- 

teneously, is extremely difficult. Thus, for simplicity 

individual reactions were investigated. This was facilitated by 

careful control of the experimental conditions. 

It was hoped that the data Shpeeacd would provide 

useful information by which effective and economic stabilisation 

of the T.C.A. cathode could be made. 

3.2. Electrochemical Behaviour of Graphite and Carbon Surface 

in Aqueous Solution. | 

Graphite and carbon anodes have been used in many 

electrochemical reactions. The surface nature of graphite is 

of great importance in determining the nature of each individual
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reaction. Brennan’? found that cathodically pretreated 

pyrolytic graphite inhibited the hydrogen evolution reaction. 

Janssen Stial./° reported that the Peer of chlorine evolution 

on new and aged graphite electrodes were different. 

Pyrolytic graphite is solid in nature and has good 

conductivity. It is a popular material for electrochemical 

measurement and surface analysis. This type of graphite has 

a highly ordered structure, the layers being arranged in almost 

parallel planes. The planes perpendicular to the C axis are 

known as basal planes, whilst the planes perpendicular to the 

basal planes are known as edge planes. These two planes have 

different electrical characteristics, the basal planes behaving 

as a semiconductor whilst the edge plane behaves as a metallic 

conductor. 

In acid solution, graphite can be oxidized both che- 

mow iy and Blectrochemieatly.° 7° Mamantov et al 

reported that oxides were formed when the electrode was anodized 

at +1.1 volts and +1.5 volt vs SCE or dipped in a CeS0, solution 

for several hours. They reported that these oxide films were 

reduced at a cathodic potential of +0.48 volt vs SCE. This 

process was highly irreversible. 

Kristhalik coak suggested that a stable oxide was 

originally formed on the surface of graphite during the manu- 

facturing process. This type of oxide was normally difficult 

to reduce cathodically but could be removed by anodic oxidation 

with subsequent release of C09 and CO. The fresh surface was
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then quickly covered by new types of prides when were electro- 

chemically less stable. Hine cal © reported that a lower 

oxide (CO, ) and a higher oxide (COy) were formed anodically, 

and had peak potentials of +0.5 volt and +1.3 volt vs SCE res- 

pectively. They also observed that the lower oxide was less 

stable and was easily pedueed cathodically with peak potential 

of +0.2 volt vs SCE. This view was shared by Laser ect. 

who obtained similar results and considered the process to ne 

highly reversible. Contradictory results were claimed by 

Janssen erate who found that a lower oxide was formed at a 

potential between +1.2 volt to+l.22 volt vs SCE. 

The formation of higher oxide was also found by 

Janssen ae The peak of the oxide formation occurred at 

+1.3 volt vs SCE. Hine et_ai’® obesinaa similar results and 

claimed that the reduction of the higher oxide had a peak poten- 

tial at kb volt and was highly irreversible. But Wisen and 

Mamant ov ee al. / suggested that the reaction with peak potential 

of +1.3 volt vs SCE corresponded to oxygen evolution rather than 

oxide formation, and the cathodic peak at -0.6 volt was mainly 

due to oxygen reduction. Whilst these workers obtained similar 

results, their actual interpretations do not correspond. hte 1s 

likely that high oxide formation preceeds the ey evolution 

reaction, particularly if oxygen atoms recombination is the rate 

determining step. Clarification of these hypotheses will only 

be possible when the mechanisms of oxygen evolution and reduction 

on graphite is fully understood.
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A number cf studies have confirmed that the basal and 

eden planes display different electrochemical Chaeecteristics’ 270 o> 

For example, Yeager and Hardee” found that the edge plane was 

5 times more active for oxygen reduction and 17 times more active 

for peroxide decomposition than the basal plane. They suggested 

that this difference may be due to the low activity of basal 

plane to adsorb the reacting species and its intermediate. In 

addition, Brennan ee an reported that the rate of hydrogen 

pO was higher on the edge than the basal planes. A higher 

rate of chlorine evolution on edge planes was also reported by 

Janssen et alee 

3.3. Corrosion of Metals in Aqueous Solution 

Generally, the stability of a metal in the atmosphere 

or aqueous environment is determined by events occurring at its 

surface. Metals have good internal strength if the surface is 

stable in a particular environment. 

The atmosphere contains moisture and dissolved carbon 

dioxide. Since metals corrode when in contact with the atmosphere 

it has been suggested that this process was mainly due to the 

charge transfer reaction facilitated by the moisture present on 

the metal surface. Hence, drying metals would inhibit the charge 

transfer reaction and significantly reduce the degree of corrosion 

occurring. 

There are basic similarities between the corrosion of 

metals and electrochemical energy producing cells, such as batteries.
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In these systems the current drawn bo the cells mainly relies 

on the soak eneune reaction of metal dissolution and deposition 

which occurs on separated surfaces. But in the corrosion of 

metal, the cathodic and anodic reactions normally proceed at the 

same surface. Occasionally the feasts sites shift along the 

metal surface during the corrosion process. 

Thermodynamically, in a spontaneous reaction, the total 

free energy change (AG°) of the cathodic and anodic reaction is 

negative. The relationship between AG° and equilibrium potential 

of the reactions are: 

oO 
AG: = = nF AE° (Si oy1) 

where AG° = standard free energy change 

n = number of electron transferred 

F = Faraday's number 

AE° = difference of the standard equilibrium potential 

The free energy will therefore be negative only when the difference 

in the standard equilibrium Rapbdpi al: Cin?) is- positive. Hence, 

the standard equilibrium potential of the corroding metal should 

be more negative than the standard equilibrium potential of the 

cathodic reactant species. 

Although, thermodynamic criteria provides general 

information concerning the corrosion of metals in specific en- 

vironments, in practice a more detailed evaluation is required. 

This includes considerations of mass transfer and the electro- 

chemical kinetics of the reactions involved.
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In most corrosion surfaces, there is no clear boundary 

between anodic and cathodic reaction sites. Some reaction sites 

are stationary, whilst others move along the metal surface during 

the course of the corrosion process. The anodic reaction causes 

the release of electrons from metal, whilst the cathodic reaction 

spontaneously accepts electrons. 

Generally, two types of cathodic reactions may be in- 

volved in the corrosion process. These are illustrated below:- 

(a) 0, +H,O +4e —» 4 OH 

[oo eae 26 > 

The most. common cathodic reaction on metals exposed 

to air or aqueous solution is oxygen reduction. This reaction 

is Gavedeeed by the dissolution of oxygen molecules into water 

or moisture covering the metal surface. Thesediffuse into the 

water - metal interface where reduction takes place. The rate 

of the reaction may be controlled by either mass transfer or 

kinetic limitations. Stirring the water increase the rate of 

reduction when it is mass transfer controlled, but has little 

effect when it is kinetically controlled. 

In acidic solutions, or solutions containing complexing 

agents, the reduction of protons is the predominant cathodic 

reaction. This process has received considerable attention 

and the mechanism is described as follows:-
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HO teh a Hy + Hee. (bl) 

Hea +Hag ——> Hy (2) 
+f 

H,0. + Hig te => H, + BLO (b3) 

In order to evaluate the importance of these processes 

upon the overall corrosion rate, the metal activity and reaction 

kinetics must be fully understood. Generally, step b2 is rate 

limiting, and hence the overall reaction ee will mainly be 

dependant upon the heat of adsorption of hydrogen atoms on the 

metals. 

3.3.2. Metal Dissolution Reaction 

The majority of metals are covered with an oxide layer 

which is formed during their manufacturing process or storage 

period. Under atmospheric conditions, the stability of these 

metal oxides is variable. For corrosion to occur, some of this 

layer has to be removed, to allow the metal surface to come into 

contact with atmospheric moisture or water. Some oxides are 

strongly attacked in both acid and basic environments which leads 

to the complete exposure of the metal surface. However, in 

neutral environments, oxide removal is slow and hence only a 

part of the surface will be exposed to the environment. 

For construction and engineering purposes, an accurate 

preliminary analysis of metal corrosion in specific environments 

is of paramount importance. Thermodynamics may therefore be of 

use in this situation. As has been mentioned concerning che 

spontaneity of the corrosion reaction, however the analysis of
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potential versus a pH representation of equilibrium potentials 

is also useful. The approach is as follows:- suppose reaction 

YE, es ye + ne (metal Ocgeolut down dose not involve proton 

transfer. The equilibrium potential will be independent of 

pH and can therefore be represented on a potential vs pH diagram. 

as a line parallel to the pH axis, consider that the cathodic 

reaction is : 2H” + 2e— > Hy, and involves proton and electron 

frenarer: Therefore, the equilibrium potential of this reaction 

is pH dependent and is represented by a line sloping down in the 

diagram. Once the diagrams of both reactions are constructed, 

it is possible to predict the corrosion of metal in a specific 

pH solution. 

2H+ + 2d + Ho 

  

M > M™ 4+ ne 
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This is accomplished by drawing a line perpendicular to the pH 

axis at a particular pH value. Corrosion will occur spontaneously 

if this line intercepts the line representing the on + 2e—» Ho 

reaction at a more positive potential. 

However, both of the methods mentioned above assumed 

that the ultimate product of the dissolved metal to be an ionic 

Species. This is eneinetaeeer tly valid, as solid oxides or 

nydroxides may be produced via a dissolution - precipitation
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mechanism. The formation of an oxide/hydroxide film on the 

metal surface in some cases is thermodynamically stable and 

hence protects the metal from further dissolution. 

Pourbaie te? combined the solubility data of metal oxide/ 

hydroxides with the thermodynamic data of reaction that occur 

between the wie ret and water, to construct a detailed potential- 

pH diagram. This diagram indicates the potential and pH condi- 

tions under which a metal and its solid products will be thermo- 

dynamically stable. 

The potential-pH diagram is based mainly on thermodynamic 

principles, and therefore does not always indicate a totally 

accurate picture of the rate of corrosion processes occurring, 

since the kinetics of various processes need to be considered. 

However, correlation with electrochemical principles provides a 

more complete understanding, i.e. Evan's diagram may be used. 

This is aot aee tad by the graphical superposition of the current- 

potential relationship for metal dissolution and its correspon- 

ding cathodic reactions. The current-potential relationships 

of each reaction is obtained either experimentally or from 

electrochemical kinetics combined with mass transfer parameters. 

These include exchange current density, transfer coefficient and 

limiting current density, etc. In addition, this diagram 

demonstrates the effect of the kinetics and mass transfer para- 

meters upon the rate of corrosion.
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3.4. Free Radical Chlorination of Hydrocarbons 

Direct introduction of chloro-substituents into organic 

molecules can be achieved by free-radical chlorination. Amongst 

the most thoroughly studied chlorination, reactions is the substi- 

tutive chlorination of saturated hydrocarbons. This has long 

been recognised as being characteristic of a chain reaction with 

free radicals as chain carriers. An initiation reaction is 

necessary to generate free radicals and this may be caused in 

several ways. 

(a) Irradiation 

Most bonds in organic compounds have energies of the 

order 50-95 Kcal/mole. To cleave these bonds photolytically, 

light energy of similar magnitude is required. Hence, ultra 

violet or visible light is used, provided the substance irradiated 

can absorb it. This method has two advantages: firstly, it may 

be used at low temperature. Secondly, the rate of free radical 

formation may be closely controlled by the adjustment of the 

light intensity and the concentration of the energy absorbing 

species. But, there are also disadvantages involved with this 

technique, particiiens if the reaction products are light 

sensitive. Also, the irradiation reaction may only be carried 

out in silica glass vessels. 

(b) Thermal Homolysis 

The production of free radicals for use in the tempe- 

rature range 50°-150°C in which reaction can most conveniently
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be carried out, requires initiators with bond strength in the 

order of 25-35 Kcal/mole. Several groups of compounds meet 

this requirement and include some peroxides, peroxy esters. and 

bisazo compounds. 

There are several factors which determine the atfieicnes 

and usefulmess of the initiator. These are:- 

(i) the temperature required for a suitable rate of decomposition 

(ii) the efficiency of the radical production 

(iii) the reactivity of the radicals generated. 

To date , azobis isobutyro-nitrile (A.1I.B.N.) is the 

best azo type initiator. This is due to several factors:- 

firstly, its temperature of decomposition is approximately 

65-80°C, which is suitable for most reaction; secondly, its rate 

of decomposition is little affected by the solvent used. 

Finally, it is not susceptible to radical attack. 

(c) Redox Reactions 

The decomposition of peroxides at low temperatures is 

achieved by the redox reaction between transition metals and 

_ peroxides such as ferrous ion and hydrogen peroxide. This method 

of. free radical generation is useful for reactions occurring 

in aqueous solutions, in particular low temperature emulsion 

polymerization. ; 

Radical formation by eiesecen transfer is not limited 

to systems involving metals and their ions. In fact, there is 

a large group of reactions which proceed by electron transfer
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between electron rich (donor) and electron deficient (acceptor) 

86 
compounds. 

The most commonly used agent for free radical chlori- 

nation is chlorine gas. The chlorination of some simple saturated 

hydrocarbons are normally carried out in both the vapour and liquid 

phase; Steacia’’ summarized several of the kinetic studies 

of thermal and photolyticdlly induced free radical chlorination 

reactions. Generally, the mechanisms involved are as follows:- 

Cl, catdaeat 2 Gls (3.4.1) 

Cl: + R-H ——> HCl + R> (3.342) 

R- + Clo —» RCI + Cl> (3.4.3) 
Reo be oR 

Rei + 2Cl termination steps. 

Cle42 Cl 

In the above reaction, the chlorine radical is a chain 

carrier. ! However, the detailed kinetics are complex, because 

the termination steps are not completely understood. 

There are several other agents which have been success-— 

fully used for chlorination reactions. Sulphuryl chloride was 

used to chlorinate saturated hydrocarbons with benzoyl peroxide 

as Be xivck This reaction produced alkyl chloride, hydrogen 

chloride and sulphur dioxide. In the chlorination of toluene 

80-100Z yield of the chloride was reported The reaction was 

suggested to proceed via the following mechanism:- 

Cl) + R-H ——> R- + HCl (e554)
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R* + SO2Clyp ——» RC1 ++S02C1 (3.4.5) 

BOClean 805 +.Cls 2003 56) 

*S0,C1 + RH —9 sO, + R++HCl (BAST) 

In the chlorination of some hydrocarbons, sulphuryl 

to be 89,90 
chloride was found\more selective than chlorine, which 

suggested step (3.4.6) existed in equilibrium. Hence, the 

abstraction of fsa on was performed by both chlorine and 

chlorosulphuryl radicals. 

Risse showed that the use of benzene (8M) as a 

solvent eliminated the difference in the selectivity of chlorine 

and sulphuryl chloride. This was thought to be due to complex 

formation of the radicals with benzene, the reaction proceeding 

through these complexes rather than chlorine or chlorosulphuryl 

radicals. 

Free radical chlorination of saturated hydrocarbons 

using t-butylhypochlorite (t-BUOC1) catalysed by AIBN was studied 

by Walling and Tene, An 84% conversion of toluene into 

benzyl chloride was achieved from this reaction, which is 

described below:- 

{-BUO-’ + “R-H ——5 #-RUGH + R- (3.4.8) 

R- + t-BUOC] ———> RCl + t-BUO: (3.4.9) 

2t--BUO- (3.4.40) 

2 R termination reaction (37-4 At) 

t~BUO- 

The reaction was reported to proceed via propagation 

steps (3.4.8) ,(3.4.9) and termination steps (3.4.10) to (3.4.11)
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This suggested that the t-butoxy radical was a chain carrier, 

and hence was more selective than chlorine. Since reactions 

with t-butyl hypochlorite produce non-acidic species, it is 

useful for the synthesis of acid sensitive substances. 

Chlorination of hydrocarbons using N-chlorosuccinimide 

in carbon tetrachloride in the presence of benzoyl peroxide or 

ultra-violet light was also feported; 7 However, these 

reactions showed similar selectivity to chlorine, which indicated 

the involvement of chlorine radical chains rather than succimidyl 

radicals. Goldsinees suggested that small traces of HCl in 

the solution could lead to the formation of chlorine via the 

following reaction:- 

    
es ick Cio a 

ee ee 
at u 

0 

The overall chlorination reaction was described as follows:- 

Cl: + RH ——> HCl +R- (324-13) 

QO OQ 
Y ut 

HCl + ic» cl, + a (35.14) 
he ae     
B b 

Ry + Cl, > RCl + Cl: G4 215) 

The chlorination of toluene using trichloroisocyanuric 

acid (T.C.A.) was studied by Jeunge et aj The reaction was 

found to be sensitive to both the solvent and catalyst used in 

the reaction. When the reaction was carried out in a non-polar
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solvent in the presence of benzoyl peroxide or ultra-violet light, 

tt followed a free radical mechanism proposed by Goldfinger 

et a Nascent HCl resulted in ae steady state formation 

of chlorine, with the subsequent formation of chlorine radicals. 

The reaction mechanism was described as follows: 

O ‘ 0 
WN i 

3H Cl + one —_ 3 cl, + “es (3.416) 

oN He rae @ 

| 
rok H 

Cl, ——» 2¢Cl (3.4.17) 

O14 5 sical 3. BOA set GC (3.4.18) 

CH eter |, 
+ Cl, —___» + Cl: oC St. 49) 

And the presence of sulphuric acid or ferric chloride 

as catalysts leadsto an ionic reaction which results in the 

: : 95 
formation of chlorotoluene derivatives. 

3.5. Theoretical Approach   

3.5.1. Electrochemical Self Discharge Reaction 
  

The surface of acetylene black is made more hydrophilic 

by the presence of adsorbed surface groups, particularly acidic 

groups. This hydrophilicity leads to the adsorption of moisture 

on the acetylene black surface. When mixed with T.C.A. powder, 

this moisture hydrolyze it to form other chlorine carrying species
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such as OCl_ or cl,. Since these species are highly reactive 

electrochemically they are easily reduced via the following 

reactions:- 

Cl 4, ze > 2 CL (3.5513 

oO 
E C1, /C1~ =o l35 VOLE 

or 2 OGM ity O> + 26> 2 Cl oa. 3on.. (3.5.2) 

oO = E oci-/c1-* 0.86 volt 

Graphite itself is known to be oxidized electrochemi- 

cally at anodic poventiaie 13) oe It produces adsorbed oxygen 

and hydroxides in the form of lower oxides (co, ) and higher 

oxides (CO,,) via the reactions described below:- 

C+ H50 => 2Ht + cO + 2e (3.5.3) 

HO = 2.0252 volt 

or C+ 2H,0—> CO 4+ hone goes (3.5.4) 
2 

Eo = 0.91: volt 

Since these reactions (3.5.1 to 3.5.4.) may occur at 

the same surface, it is possible that a corrosion cell may be 

established. This will take place spontaneously only if the 

Ac® value for the reactions is negative, or, if the current-— 

potential curve for both cathodic and anodic reactions intercept, 

at a point which is negative with respect to the equilibrium 

potential of the cathodic reaction.
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3.5.2. The Free Radical Chlorination Reaction 

The use of T.C.A. as a side chain and allylic chlori- 

nating agent was reported by a number of aie 

Conventionally, these reactions were initiated in the 

presence of free radical initiators which included benzoyl 

peroxide, A.I.B.N. and ultra-violet irradiation. However, it 

is suspected that free radical reactions may also occur in the 

presence of acetylene black, which acts as a free radical 

initiator. 

Since free radical species are highly reactive, parti- 

cularly chlorine radicals, their direct detection is very difficult. 

There are, however, several methods which are useful. These 

include:- 

G@) Standard free radical chlorination reaction:-— 

The existence of a side chain and an aromatic ring in 

the molecule has madetoluene a convenient substrate for studying 

the competition reaction between free radical and nuclear chlori- 

nation reactions. It is expected that benzyl chloride will be 

produced when the chlorination proceeds via a free radical path 

way, whilst the nuclear reaction will produce chloro-toluene 

derivatives. 

In the presence of acetylene black the chlorination 

of toluene using T.C.A. may proceed via the mechanism described 

below:-
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It is clear that both reaction schemes show the forma- 

tion of benzyl chloride. The free radical reaction will there- 

fore be confirmed if benzyl chloride was found in the reaction 

mixture containing toluene,T.C.A. and acetylene black. 

(ii) Using a, a-diphenyl -$-picrylhydrazyl (DPPH) as a free 

radical scavenger 

The inhibitory action of the stable free radical (DPPH) 

_ on a reaction or polymerization process is generally taken as 

evidence supporting a free radical meckontenc 

DPPH is a stable crystalline solid and easily A iadolven 

in benzene to produce a violet solution. This solution is 

stable up to 80°C and has an absorption maximum at 520m and 

om” 

Although DPPH itself is a free radical, it is not. 

sufficiently active to initiate most free radical reactions, but 

will react rapidly with radical intevmercatees a. As a tool for 

studying free radical reaction, therefore DPPH is often pre- 

ferred to more conventional inhibitors such as phenols, quinones 

and amines for two main reasons Firstly, the reaction of DPPH 

with radical intermediates can be immediately observed by bleaching 

of the violet solution. Secondly, the DPPH reaction will proceed 

in proportion to the concentration of the redial intermediates. 

The observed bleaching of the solution may. be monitored spectros- 

copically, to give a quantitative analysis of the reaction 

occurring.
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3.6. Experimental 

3.6.1. Half Cell Measurement of the Corrosion Reactions 

The current-potential relationships of both the cathodic 

and anodic reactions were obtained using potential dynamic 

techniques. The experimental set-up is illustrated in Fig. 5 

It includes the use of a potentiostat (chemical electronic), a 

linear sweep generator (chemical electronic} an X-Y recorder 

(Bryan 2900) and a digital voltmeter (Gould). 

The working electrode utilized was Lem? pyrolytic 

graphite which was connected to nickel wire using silver araldite. 

The face in contact with the nickel wire was sealed with silicon 

rubber solution. A 5 cm2 platinum screen was used as a counter- 

electrode, whilst the reference electrode was a standard calomel 

placed inside @ luggin Capilary Compartment - 
electrode (SCE),\ The electrolyte used was 4M NaCl containing 

3.3 and 4.3 x 1072 moles/& of T.C.A. respectively. The pH of 

this solution was adjusted by addition of dilute HCl. The 

solution was deaerated using nitrogen (gies eiee. BOC). 

Prior to anodic polarization tHe electrode was cleaned 

cathodically by holding the potential at -1.0 volt vs SCE for 

10 minutes. Both cathodic and anodic polarization were ini- 

tiated at the open circuit potential of the electrode. 

3.6.2. Chlorination of Toluene 
  

(i) The chlorination of toluene was carried out by dissolving 

0.3g of T.C.A. in benzene (50 ml) and toluene (20 m1), 0.3g of ace- 

tylene black was then added into the solution. The mixture
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‘was mechanically agitated in a closed eons bottomed flask for 

72 hours. 

The acetylene black was then removed by filtration. 

The unreacted T.C.A. was removed by addition of 10% KI solution, 

followed by rapid titration with 0.1N sodium ~ thiosulphate 

solution until the colour of the solution dissipated. The 

resulting solution consisted of an aqueous and organic phase. 

The organic phase was separated, dried over sodium sulphate and 

filtered. Benzene and toluene were removed by fractional dis- 

tillation, thereby producing benzyl chloride as a residue. 

This compound is unstable and deleterious to gas chromatographic 

columns and inlet parts. Therefore it was converted into 

benzyl methyl ether, by reaction with sodium methoxide. 

(ii) Synthesis of reference compound - benzyl methyl ether. 

0.5g of sodium metal were dissolved in methanol (50 ml) and pure 

benzyl suioride (20 ml) were added. The solution was refluxed 

at 40°C for one hour. Excess of methanol was removed by dis- 

tillation. A second distillation was performed in a micro- 

distillation column to separate the benzyl methyl ether from 

sodium chloride. 

(iii) Analysis of the reaction product. 

The reaction product was analysed using a gas liquid chromato- 

graph (Pye series 104) using a 15% carbonwax 20 m on universal 

support 60 - 80 mesh column. The parameters of the GLC were 

as follows:—  T.=].90°C,.. Carrier gas (Ny) velocity = 60 ml/min 

recorder speed = 30 inc/hr.
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A sampie of pure benzyl methyl ether was injected 

to obtain a reference peak, then a sample of the reaction 

product was analysed. 

32655) Reaction of T.C.A. with DPPH 
  

Approximately 0.0052: = Ocl¢ T.C.A. powder was accurately 

weighed and dissolved in a Pearee ess containing 1.33 x 10°" 

DPPH, and 0.3g acetylene black was added. 

The mixture was agitated mechanically in the dark. 

5ml aliquots were removed after varying time lapses and filtered. 

The aliquots were analyzed in a spectrophotometer (Perkin 

Elmer 402) using benzene as a reference compound. 

Simultaneously DPPH solution containing only acetylene 

black and T.C.A. were analysed separately. This insured 

there was no interaction between DPPH with T.C.A. or DPPH with 

acetylene black alone.
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Se 75s Results and Discussion 

3.7.1. Electrochemical Self Discharge Reaction 

Based on the standard equilibrium potential shown in 

equations (3.5.1) to @5-4)- it was Pi catared that AE° was a 

positive value. This indicated that AG° was negative, and 

suggested that thermodynamically the corrosion veadnion would 

take place spontaneously. 

Additionally, the current-potential curve of both the 

graphite oxidation and chlorine reduction intercepted at a poten- 

tial negative with respect to the equilibrium potential of the 

chlorine.(Fig. 6) These results further confirmed the sponta- 

neity of the corrosion reaction. 

Figures 6 and 7 also showed that the anodic polarization 

curve was abe affected when pH of the solution varied from pH = 1 

to pH =e These results were similar to those obtained by 

wae and iaseeie? A low oxide (CO,;) peak was found at V=+0.5 

volt vs. SCE... At potentials ophareh than 40.9 volt : sharp in= 

crease in anodic current was observed, which was due to the 

formation of a higher oxide (COq) «78282 

However, the pH of ee celuered profoundly affected both 

the open ciate potential as well as the magnitude of current at 

a specific potential of chlorine reduction reaction. Both of these 

values were higher in acidic environments (pH=1) than in neutral 

solution (pH=7). This could be due to the fact that at low pH T.C.A. 

was predominantly converted into chlorine. Whilst at pH-="/ the 

solution may contain a mixture of chlorine, hypochlorite and
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other Ritohe Ceahiriaeeee derivatives. These species not only 

affect the open circuit potential of the electrode but also the 

polarization behaviour of the syetan: At present the behaviour 

of T.C.A. in neutral solutions is not yet clear, and hence 

concrete conclusions cannot be drawn from these results. 

It is important to note that protons were produced 

during the graphite oxidization reaction.(see equations 5.3.3. and 5.3.4) 

The presence of these ions will consequently increase the acidity 

of the T.C.A./acetylene black mixture. Thus the reaction 

between T.C.A. and HCl will be favoured and will increase the 

rate of chlorine liberation. 

3.7.2. Free Radical Reaction 
  

The gas liquid chromatographic analysis illustrated 

that benzyl chloride was found in the reaction mixture containing 

T.C.A., toluene and acetylene black.(Fig. 8c) However, no 

trace of benzyl chloride was found in the mixture containing no 

acetylene black.(Fig. 8b) This indicated that the acetylene 

black was of paramount importance in promoting the formation of 

the benzyl chloride via a free radical mechanism. The formation 

of chlorine radicals possibly being caused by interaction between 

T.C.A. and acetylene black. The overall reaction mechanism may 

proceed vila reactions (35.5) to 35.7). Since HCl was pro- 

duced during the reaction (3.5.6) it is possible that it will 

react with T.C.A. and generate chlorine molecules. TE thas 

reaction is fast, the chlorination will proceed via reactions
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.(3.5.5.a) to (3.5.7.a) as suggested by Goldfinger et nies 

Hence, after a period of time reaction (3.5.5.a) becomes unim- 

portant and the chlorine radical will mainly be generated from 

a reaction between chlorine and acetylene black. The T.C.A 

acts only as a chlorine source providing chlorine molecules by 

reacting with HCl. 

Further evidence of the presence of chlorine radicals 

in the reaction mixture containing T.C.A. and acetylene black 

was obtained from DPPH analysis. This showed that a depletion 

of DPPH occurred when both T.C.A. and acetylene black were 

present. But no sign of DPPH depletion was apparent when 

only DPPH - T.C.A. and DPPH - acetylene black were present .(Fig.10) 

This strongly suggests that formation of the free radicals was 

mainly due to the T.C.A./acetylene black interaction. Addition- 

ally, the results illustrated that the initials rate of DPPH 

depletion was directly dependant upon T.C.A. concentration. (Fig.9) 

The rate was accelerated when T.C.A. was replaced by chlorine 

gas.(Fig. 10) This may be caused by the presence of the 

C1-Cl bond which is weaker in comparison to the N-Cl bond 

298°C _ aC 7S 
Oci-c1 57.93 KCal/mole, Dy-cl 93 KCal/mole) 

101 ; S ; 
Solomon et al. studied the reaction of DPPH with 

aqueous HCl as well as chlorine. They suggested the bleaching 

of DPPH was mainly due to the formation of DPPH-H and its 

chloroderivatives. They also found that when chlorine gas 

was introduced into the solution containing DPPH-H the violet
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colour of the solution was graduaily restored which was an 

i dicunius of traces of free radicals. They showed that the 

new radicals was 2(p-chloro) phenyl-2-phenyl picryl hydrazyl. 

According to their results it was clear that DPPH did 

not react directly with chlorine. Similarly, in this investi- 

gation no depletion of DPPH was observed in solutions containing 

only chlorine and T.C.A.(Fig. 10), but depletion did occur when 

this solution was irradiated with ultra violet light (Fig. 10), 

which suggested a free radical reaction was occurring. 

The depletion increased when acetylene black was intro- 

duced into the chlorine containing solution, indicating its ca- 

talytic action. Hence, chlorine became. reactive to DPPH only 

when radical initiators were present. In this system chlorine 

the 
radicals may abstract hydrogen atoms fromjacetylene black surface 

and subsequently form HCl which will react with DPPH in the 

Manner suggested by ol onon However, this is not the only 

reaction causing DPPH depletion, as it also occurs in the absence 

of acetylene black, under U.V. irradiation. Eventually, in 

such systems no hydrogen atoms will be available for abstraction 

and consequently HCl will no longer be formed. It is possible 

therefore, that depletion of DPPH may be caused by a direct 

reaction with chlorine radicals, thus forming DPPH-Cl. Since the 

analysis of this compound has not yet been carried out, no defi- 

nite conclusions may yet be made. 

The results in this chapter indicate that chlorine 

losses from T.C.A./acetylene black mixture may be attributed to



44 

either free radical formation or Biactroehenions self-discharge 

reactions, or a combination of both. There is little informa- 

ban concerning the kinetics of these reactions and therefore 

identification of the dominant Peaction is difficutt.. , But 

analysis has shown that both reactions tend to produce hydro- 

chloric acid which reacts quickly with T.C.A. to liberate 

chlorine gas.(Fig. 11) 

The production of hydrochloric acid will eventually 

saturate the limited moisture adsorbed on the acetylene black 

surface. Once this is supersaturated, HCl will exist as gaseous 

HEL. This excess gas may penetrate deeply into every individual 

T.C.A. aggregate and extend the reaction zone from the interface 

to the inside of the aggregate and hence accelerate chlorine 

liberation.



CHAPTER FOUR 

STORAGE STABILITY AND ELECTROCHEMICAL DISCHARGE 

CHARACTERISTIC OF T.C.A. CATHODES
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CHAPTER 4 

4. . STORAGE STABILITY AND ELECTROCHEMICAL DISCHARGE CHARACTERISTIC 

OF T.C.A. CATHODES 

4.1. Introduction 

The addition of boric acid powder in the T.C.A./acetylene 

black cathode to suppress the rate of chlorine liberation duvets 

storage has achieved some sigenaeet although only temporary since, 

after prolonged storage, a considerable amount of chlorine loss 

Still occurs’ Further improvements on the storage stability of 

these systems are required. 

In order to achieve such an improvements on the long term 

storage stability, it is important to have a good understanding of 

the reasons why chlorine losses occur. . The data provided 

in Chapter 3 indicated several factors which may be related to 

this problem. The reaction was found to be initiated by the in- 

terfacial contact of the T.C.A. and acetylene black aggregates, 

which was followed by electrochemical self discharge and free ra~ 

dical reactions. Subsequently, HCl was produced aseing these 

processes, which tended to react quickly with T.C.A., thereby 

resulting in the evolution of free chlorine in the cathode mixture. 

Based on this information, the following preventative 

measures were. undertaken:- 

(i) Removal of HCl generated in the cathode 

Several zeolites such as zeolite A, zeolite X, mordenite 

and cliptonoliolite are known to be effective HCl quenching agent 

in aqueous solution. The zeolites consist of interlinked metal 

oxides which remove HCl by an ionic exchange reaction. If removal
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is efficient, then the reaction between HCl ‘and T.C.A. will be 

significantly reduced, thereby diminishing chlorine liberation. 

(ii) Segregation of T.C.A. and acetylene black aggregates 

Perhaps the most efficient method for preventing chlo— 

rine loss is to minimize the surface contact between the T.C.A. 

and acetylene black aggregates. Ideally, these aggregates would 

be stored separately and mixed only when discharge is required, 

but, in practice, many difficulties will be encountered unless 

an appropriate arrangement for the segregation of these two com- 

ponents is made in the design of the cathode. 

One possibility is the bulk Separation of T.C.A. and 

acetylene black aggregates. In this system, the cathode consists 

of a few layers of T.C.A. sandwiched in between layers of Aacety= 

lene black, as shown below:- 

Gok. 
Acetylene black 

  

- 

Hence, contact is limited to the interface of each layer. This 

contact may be completely eliminated by the addition of boric acid 

(or boric oxide) powder at the it ice In such an arrangement, 

however, the cathode performance will be adversely affected by 

Mass transfer limitations. These may be reduced by careful design 

of layer thickness and porosity. In practice, a compromise has 

to be made between the storage stability and the electrochemical 

performance of sandwich type cathodes.
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42. Experimental parece mental 

4.2.1. Sample Preparation for Storage Tests 

The mixed type cathodes were prepared by mixing acetylene 
black: and T.C.A. powders, followed by addition of boric acid and 
zeolites. The composition of these samples is illustrated in 

Table 3. 

The sandwich type cathodes were prepared by layering 

T.C.A. powder between two layers of acetylene black powder. This 
was pressed in a mould. In some cases, boric acid (or boric 

oxide) was added at the T.C.A. acetylene black interface. 

4.2.2. Cathode Preparation ae EP eparation 

The mixed type cathode discs were prepared a mixing 

T.C.A, viscous fibre and acetylene black. This was compressed 

‘in a steel mould. The cathode specification is shown tn. Table: 1.. 

The sandwich type cathode plaques were Manufactured as 

follows:- 

Known amounts of T.C.A. powders (Table 2) were equally 

divided either into 4 (low rate) or 6 (high rate) portions. Each 
portion of the T.C.A. powder was sandwiched between two layers of 
acetylene black powder in a mould. In some instances boric 

acid (or boric oxide) was added at the interfaces. This process 

was Tepeated until all the T.C.A. powder was utilized. The mould 
was then pressed and the resulting cathode plaques were transferred 

into a desiccator for storage. The cathode specification is 

shown in Table 2.
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4.2.3. Single Cell Assembly 

A single cell was designed to examine the discharge 
characteristics of the various types of cathodes:- 

(a) High rate discharge 

The cell assembly is illustrated in Fig. 12. oe @athode 
disc (5 cm2) was located on a platinum current collector, and a 
gasket of appropriate thickness encircled it to Control its compres~— 
sion and bulk density during discharge. Whatman filter paper was 
used to separate the cathode and anode. The anode was manufactured 
from quarternary aluminium alloy (British Non-Ferrous Metal Research 

Assoc iat ion) whose surface was dimpled and perforated to allow the 

uniform distribution of electrolyte. The anode was also encircled 
by a gasket. The cell was then compressed between two parallel 

steel sheets, which possessed inlet and outlet parts for the elec- 
trolyte passage. At the beginning of the discharge the cell was 
primed by the circulation of electrolytes (1.5M Al1C13/0.5M NaCl) 
at 60°C, for two minutes, this was then replaced by 0.5M NaCl solu- 
tion at. 60°C. The temperature of the electrolyte was gradually 
increased to 95°C at a rate of 10°C/minute, in order to maintain 
the voltage plateau. <A 5 ohm resistor was connected across the 
cell and the cell voltage was monitored by a pen recorder CS et 
Instruments, model 520). 

(b) Low rate discharge eet  SONaGE e, 

The cell assembly was basically similar to that described 
above. The electrolyte was a mixture of 1.5M AlC1l3 and 0.5M NaCl.
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The cell was discharged under static electrolyte conditions at 

207 The cell components were compressed between two perspex 

sheets. The sheet ais aoaae to the anode was perforated in order 

to allow electrolyte penetration into the cathode plaque. Addi- 

tionally, a P.V.C. mesh was placed between the anode and seu epeee 

to release bubbles which would otherwise be trapped during dis- 

charge. (Fig. 13) 7 

The cell was discharged ata current density of 5 mA/cm2, 

and the cell voltage was monitored using a pen recorder (J.J. 

Instrument, model 520). 

leiette Results and Discussions 
  

4.3.1. The Effects of Stabilizer on Cathode Storage Stability 

The addition of zeolites into the T.C.A.-acetylene black 

mixture does not inhibit loss of chlorine, in fact they tend to 

accelerate it (Table 3). Since these compounds consist of inter- 

linked oxides, this structure may contribute to their catalytic 

action. The quenching action of these zeolites is mainly depen- 

dant upon an exchange reaction between Ht with the meeat: 26a in 

the zeolite and this reaction requires the presence of water. 

As only a limited amount of moisture Pe available in the reaction 

mixture, it is possible that this will inhibit the quenching 

reaction. - 

The sandwich type cathodes generally exhibit better 

storage stability in comparison to the mixed type Cathodes 

(Table 4). The addition of boric acid at the T.C.A.-acetylene 

black interface further improved the cathode stability.
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Theoreticaliy the presence of this substance should completely 

prevent the interfacial contact between the T.C.A. and acetylene 

black layers, hence eliminating chlorine losses during storage. 

However, the data indicate a considerable loss of chlorine Ste. 

occurs. It' is possible that this is due to the fact “that as 

only a small amount of boric acid was used, it was insufficient 

to cover the interface of the plaque. The aggregate size of 

acetylene black powder is generally much smaller than those of 

boric acid. Hence, it is very likely that these aggregates will 

inevitably go through the boric acid layer and come into contact 

with the T.C.A. layer and these species will react together. 

Any HCl produced at the interface will penetrate into and react 

with the T.C.A. layer, thereby evolving chlorine. 

Two possible methods. may be used to prevent the con- 

| tact between acetylene black and E.G A. layer. Firstly, the 

amount of boric acid added at the interface may be increased. 

Alternatively, the size of the boric hela aggregates may be re- 

duced .. However, both methods tend to prevent the diffusion of 

chlorine from he T.C.A. layer into the ees ane black layer 

divine ai gohere® and thus lead to an increase in the mass transfer 

polarization. Further work is necessary therefore to optimize 

the cathode design so that good storage stability and good per- 

formance can be achieved.
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4.3.2. Discharge Characteristics of the Sandwich Type Cathode 

(a) High rate discharge 

The single cell discharge characteristics of both sand- 

wich and mixed type cathode before storage are illustrated in 

Figures 14 and 15. The mixed type cathode has an average voltage 

plateau of 2.1 volts when the cathode had consumed 342% of its 

Capacity. However, the sandwich cathode only has an average 

voltage plateau of 2.0 volts. This indicated that at high rate 

discharge the mixed type cathode generally give the best perform- 

ance of the two types of cathodes. It may be that the sandwich 

type cathode tends to suffer more significant polarization effects, 

probably because of the slow diffusion of chlorine fromi? GA. 

layer into the acetylene black layer. This becomes crucial when 

the cathode is discharged at high rate. 

The cathode with boric acid or filter paper at the 

T.C.A.-acetylene black interface generally illustrated low cell 

voltage and discharge efficiency (Fig. 14), the cathodewith boric 

acid at the interface had an average voltage plateau of 1.9 volts 

this diminishing very rapidly after a period of time. More 

Pedigicdnc polarivetion was encountered when filter paper was 

present at the interface, as the cell produced an average plateau 

of only 1.6 volts. Both systems seem to indicate severe mass 

transfer polarization when an extra diffusion layer was introduced 

into the T.C.A. acetylene black interface. 

The sandwich type cathode exhibited more stable storage 

characteristics and hence it would be expected to retain greater
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amounts of chlorine in comparison to the mixed type cathode. 

Therefore, it should illustrate better performance after a period 

of storage. After 24 hours storage at 40°C and 75% humidity, the 

cell voltage of both types of cathode was slightly reduced, parti- 

cularly in the initial stages of discharge. The mixed type ca- 

thode discharged only 28% of its Capacity at a voltage plateau of 

2.05 volts (in comparison to 40% before storage) , and its voltage 

was quickly diminished.(Figs. 15 & 16) At 1.5 volts it was able 

to deliver only 43Z of its capacity (in comparison to 53% before 

storage). However, the sandwich type cathode generally exhibited 

a performance similar to that observed before storage.(Fig.15) 

This cathode only suffered a voltage drop at the beginning of dis- 

charge (Figs. 15 and 16). This was mainly due to the fact that 

reaction still occuredat the T.C.A.~acetylene black interface during 

Storage, and | this produces a sparingly soluble cyanuric acid, 

which therefore inhibits the diffusion of chlorine from the T.C.A. 

layer into the acetylene black layer. But the cell voltage re- 

covered to the value similar so that observed before storage after 

20% of its capacity. 

After 120 Toate storage under similar condition, both 

types of cathode suffered a significant drop in cell voltage 

during discharge. The average voltage plateau of the mixed and 

sandwich type abtnodes are 1.85 volts ana 1.75 volts respectively. 

(Figs. 15 and 16) The sandwich type cathode consistently illus- 

trated superior storage stability, as it possesses a higher capa- 

city in comparison to the mixed type cathode. Unfortunately,
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however, the sandwich type cathode has a low cell voltage and an 

unexpectedly low discharge efficiency after storage. In theory, 

the sandwich type cathode should maintain a good performance in 

comparison to the mixed type cathode, particularly after storage, 

even though the interfacial reaction between T.C.A.-acetylene 

black cannot be avoided. This reaction should cease when the 

T.C.A. in contact with acetylene black has been consumed. This 

should not affect the T.C.A. in the bulk T.C.A. layer, which should 

remain stable. Therefore, the performance is expected to be 

similar to that after 24 hours storage. The fact that this was 

not the case may be due to the following reasons:- 

(i) The formation of sparingly soluble reaction products e.g. 

cyanuric acid at the interface, which will inhibit the diffusion 

of chlorine into the acetylene black layer and decrease the 

Fe cae performance. This effect was shown when pure cyanuric 

acid was deliberately added at the acetylene black - T.C.A. inter- 

face.(Fig. 21) The diffusion is increasingly restricted after 

prolonged storage under humid and high temperature (40°C) condi- 

tions, when crystallization of cyanuric acid occurs. 

(ii) Crystal growth of T.C.A. after prolonged storage at high 

humidity and temperature (75% humidity, 40°C), particularly after 

compression. The crystallization effect tends to enlarge the 

T.C.A. crystals hence reducing its surface area and the rate of 

chlorine liberation during discharge. 

(iii) Apart from cyanuric acid, one of the main productswas HCl.
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It is likely that this substance may diffuse into the de CAS 

layer where it can react and liberates chlorine during storage, 

ultimately reducing the cathode capacity. 

(b) Low rate discharge 

The single cell discharge characteristics of both mixed 

and sandwich type cathode are illustrated in Figs..17 and 18. 

Without boric oxide at the T.C.A.-acetylene black inter- 

face the sandwich type cathode has an average cell voltage plateau 

of 2.25 volts when discharged at 5 mA/cm.(Fig. 18) Similar 

results were obtained with the mixed type cathode. Thus at low 

rate discharge, the sandwich type cathode does not seem to suffer 

from mass transfer limitation. At V = 1.5 volts the cathodes 

have a discharge efficiency of 50%.(Fig.22) 

As was mentioned earlier, an interfacial reaction caused 

a deterioration in the capacity of the cathode. The addition of 

boric oxide (or boric acid) inhibits this reaction and consequently 

may diminish the performance of the cell due to mass transfer po- 

larization. But onlong-term storage this may be beneficial as 

high amount of chlorine is retained in the sandwich type cathode, 

in comparison to that in the mixed type cathode. 

The voltage-time profile of the sandwich cathode with 

boric oxide at the interface is illustrated in Pig. 17. The 

average voltage plateau was 2.05 volts which is lower than that 

observed in the mixed type cathode. Both types of cathode have 

a discharge efficiency of 50% at 1.5 volts.
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After 24 hours storage, both cathodes showed a slight 

decline in cell voltage.(Figs.19and 22) But this diagram clearly 

shows that the sandwich cathode has thehigher capacity of the two. 

The mixed type cathode reached 1.0 volt after 3 hours discharge, - 

whilst the sandwich cathode reached the same cell voltage after 

4 hours. This indicates that the sandwich type ‘cathode contained 

25% more capacity than the mixed type cathode after storage. 

The fact that the sandwich cathode appeared to possess 

better storage stability than the mixed type cathode gained 

further support when these systems were stored under similar con- 

dition for 48 hours.(Figs. 20 & 22) A further decline in the 

cell voltage was observed in both cathodes. The mixed type 

cathode took only 30 minutes to reach a cell voltage of 1:0 volt, 

whilst the sandwich type cathode took 2; hours to reach a similar 

voltage. Therefore, it had a capacity of approximately 4} 

times that of the mixed type cathode. 

Generally, this. data suggeststhat the sandwich type 

cathodes poescne better storage stability in comparison to the 

conventional mixed type cathode. However, chlorine liberation 

still occurs to some extent, even in the presence of boric oxide 

at the T.C.A.~acetylene black interface. In addition, the cell 

voltage was consistently low, particularly after storage. These 

phenomena may be caused by the incomplete separation of the T.C.A. 

and acetylene black and the crystallization of T.C.A. as well as 

as the formation of interfacial reaction products, e.g. cyanuric 

acid, after storage at high temperature and humidity condition
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(40°C, 752 humidity). However, it is possible that this type 

of cathode may be useful for low rate applications. Further 

work is required to further improve the cathode stability and 

electrochemical performance.



CHAPTER FIVE 

THE KINETICS OF CHLORINE REDUCTION ON POROUS GRAPHITE SURFACE
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CHAPTER 5 

5. | THE KINETICS OF CHLORINE REDUCTION ON POROUS GRAPHITE SURFACE 

5.1. Introduction 

In Chapter 4 it was claimed that sandwich type cathodes 

exhibit better storage stability and maintained good electrochemi- 

cal performance at low current densities (5 mA/cm2) . 

However, at low temperatures and with a static electro- 

lyte, the performance of this system was controlled by the trans- 

portation of chlorine within the system. This could be due to 

the diffusion of chlorine in the T.C.A. or acetylene black layer. 

When the cathode was discharged,chlorine was immediately available 

at the acetylene black - T.C.A. interface, therefore its diffusion 

inside the T.C.A. layer was thought to be less important. 

Initially, the diffusion problem may be limited within the acetylene 

black layer, and a mathematical model was developed to describe 

this phenomena. 

Prior to the evaluation of this model, it was important 

to completely understand the kinetics of the chlorine reduction 

from which the related rate equation and kinetic parameters such 

as real exchange current density and Tafel slope could be determined. 

In which the reliability of this model depended upon. 

At present, this investigation is concerned mainly with 

the kinetics of chlorine reduction on graphite. However, the 

study of this process is difficult because of the instability of 

the graphite surfaces, due to oxide formation. According to 

Hine et wie and Littauer et i, oxides are formed electrochemi-
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cally at anodic potentials. In some cases reaction occurred 

simultaneously with the reaction under study. Major changes 

in the composition of surface oxides tend to alter the state of 

the electrode surfaces which meer cin lead to a complication 

of the reaction. In order to prevent this, it is Cec beoare that 

only a small amount of oxides is allowed to be formed or removed 

during the reaction. Hence, a stable surface state is maintained. 

5.2. Electrochemical Kinetics of Chlorine 
  

In the last decade, the electrochemical kinetics of the 

C15/Cl couple have been widely studied. The importance of the 

chlor-alkali industry, however, meant that most of the studies 

have been concentrated on the kinetics of the chlorine evolution 

and very few kinetics studies of chlorine reduction have been 

reported. 

Most of the kinetic work has been carried out on noble 

metals, graphite and metal oxides. 

5.2.1. The Kinetics of the Cl5/cl_ Couple on Platinum Electrodes 

The reaction of the Clyo/cl couple could proceed via 

the following schemes:- 

Gl (aq) + 20lo, +6 yee co hylee Rea aces (5.1.a) 

2 Gla 47 Clg ag) Sef eta caieeee evs, Gout Wp) 

and Gl Cag). Cla +e rece: yaaa Ss wie 652A) 

Clay + Clea 2 Gl (ad) ic ee es n0522 Sek) 

Cl (aq) + Clog Re Cl, (aq) "PRGMS Soon. oe. cee (5222 b)
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 The first theoretically Sicor tant kinetic study o 

oxidation was contributed by Wick and Ghieng'<. they carried out 

steady state polarization studies of Cl~ oxidation on platinum 

and iridium electrodes. From the current-voltage curves obtained, 

they suggested a slow electrochemical discharge step (5 .2.a). 

Later Frumkin and Pderedae’™ investigated chlorine 

reduction on a rotating disc platinum electrode in detail. Based 

on the results obtained, i.e. Y(stoichiometric number) = 2 

nQy7= 0 , they proposed mechanism 5.2 in which 5.2.b was the 

rate determining step. It is important to note that the reaction 

order was obtained at an overpotential less than 40 mV, under which 

conditions the reverse rate of reaction (552.6) was completely 

neglected. There results have created some doubts amongst other 

foe a researchers. Dickinson et al a studied the reduction of eiiaricé 

on rotating disc platinum electrode and found that the reactién 

order OF chiowice (n'y 5) was a function of chlorine concentration. 

At low chlorine concentration nhoy, = 1 and at, high concentration 

no), = 2/3. The dependence of the reaction rate on Cl” concen- 

tration and the non Linearity of ty vs E suggests that the 

reduction goes through mechanism (5.2), with reaction (5.2.a) as 

the rate determining step. The galvanostatic pulse technique 

(10 m sec) was used recently by Yokohama and Mite to study ca- 

thodic and anodic pices. of the Eiger couple on platinum 

electrodes. They found that a change in mechanism occurred over 

a relatively narrow range of potential, and the Y and n'o1, values 

were potential dependent. At E < 1.3 V vs SHE, the reaction
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proceeded according to mechanism (5.1), reaction (5.1.b). bein L ey 

the rate limiting step. The value of Y , nc1,? min were 1, 

0.9 and 0 respectively. At E.> 1.42 V vs SHE, the same mechanism 

applied, but the rate determining step was (5.l.a). 

It is generally agreed that oxide coverage of platinum 

electrodes inhibited the oxidation of OL Re Littauer and Shreir®? 

found that the presence of an oxide layer inhibited the Cl~ oxida- 

tion, at high voltage the current-voltage curve showed two distinct 

linear relationships (e.g. E <1.6 Vo be 20 V). A Tafel slope 

of 40 mV - 70 mV/decade and 120 mV/decade was reported at low and 

high surface coverage of oxide respectively .+38 

To date it is thought that the oxidation of Cl follows 

the mechanism (5.1) and the reduction of chlorine on platinum 

followed the mechanism (5.2), but there is disagreement upon which 

is the rate determining step. Indeed, experiments have shown that 

it is very much dependent on surface pretreatment of the electrode 

and the method of collecting experimental data. 

5.2.2. Kinetics of Cl9/C17 Couple on Metal Oxide Electrode 

Since the introduction of the Dimensionally Stable Anode 

(D.S.A.) into the chlor-alkali industry, considerable efforts 

have been expanded to develop less expensive anodes. 

Fiori and Fiata >! studied the mechanism of Cl oxida- 

tion on thermally decomposed Ti, Ir and Ru mixed oxides. They 

obtained a Tafel slope of 40 mV/decade over a wide range of 

current densities, and concluded that Cl~ oxidation proceeded via
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139 
mechanism (5.1), with (5.1.b) being rate determining. Bianchi ~~ 

suggested that the oxidation of Cl™ on Ru09/Ti0y followed the 

discharge - recombination pattern (5.1) but gave no proof for 

this mechanism. A Tafel slope of 33 mV/decade was obtained on 

the Ru/Ti mixed oleae in the oxidation of Cl~, but no limiting 

current was observed on the cathodic reduction of chlorine on the 

same electrode. Therefore, the recombination step (5.1.b) was 

discounted as a possible rate limiting step, as the Y value of 

the anodic region was less than one. Instead, they suggested 

that two parallel reactions were taking place, e.g. a retarded 

recombination (5.2.al1)and an electrochemical desorption (5.2.b) 

which preceeded the equilibrium discharge step (5.2.a). 

Possible use of mixed C17/soj electrolyte for Cl” oxida- 

tion on the Ru/Ti oxide has been studied by Bondar ge as 

They found that at low current densities, (+.e. 500 A/m2) SO, 

ion does not affect the potential at room temperature. But as 

current densities increased (e.g. 1000 A/m2) , a small amount of 

SO, significantly altered the anode potential, mainly the double 

layer effect. Recently, Erenberg eat carried out a detailed 

study on the Ti/Ru oxide. They obtained a Tafel slope of 30 mv/ 

decade, a = 1 and n',7- = 1, and postulated that the mechanism of ili ; 

Cl oxidation proceeded via the following routes:- 

cl (aq) - Cl(ad) +e Re ee ee ck oseepieeerene OLD) 

C1 (ad) t cles sc ee a ee (2) 

Gl Cl 0 Cited eee (3) 

Reaction (2) was the rate determining step. Further experiments
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on chlorine reduction revealed a Tafel slope of 2 60 mV/decade 

with ao = es no = = 1 4Os3e Hence, they concluded that 

the reaction in the cathodic branch and anodic branches proceeded 

via the same route, ae additionally, step (2) controlled the 

overall rate of reaction. A non-activation limiting current was 

also found oe the cathodic polarization which was equal to 

the anodic exchange current. When this ‘Limiting* current was. 

exceeded, the Linear relationships between n and log i was re- 

established, but had a higher Tafel slope (e.g. 120 mV), and 

n'cl, = 1, n'¢q- =-l. They therefore suggested that the chlo- 

rine reduction on the Ru/Ti mixed oxide proceeded via route (1) 

to (3), @ changing from 1 to 0.5. This data also indicated that 

on the Ti/Ru mixed oxide, two active sites were contributing to 

the reduction of chlorine. This argument gained further support 

by experiments on the RuQ electrode. No break in the Tafel plot 

was observed it being maintained at 120 mV/decade over a wide 

ened of potential. ; * 

Janssen et ali" more recently used a potential decay 

method to study the oxidation of Cl™ on the Ru/Ti mixed oxide. 

A potential - decay time relationship for the Tafel and Heyrovsky 

type reactions was. investigated. When mass transfer limitations 

were considered, the results showed that & = 0.5 and Tafel slope 

= 40 mV/decade. After analysis they suggested that chlorine 

was evolved at both the anodic and open circuit potential. The 

chlorine evolution proceeded via the Tafel - Heyrovsky mechanism, 

and the Heyrovsky step controlled the reaction rate.



nere is as yet nc common agreement on the kinetics 

of the C1,/C1~ couple on metal oxide electrodes, as the only 

woke available are contradictory. This is probably due to the 

methods used in preparing the metal oxide electrode such as 

curing temperature, !3/ 

9.2.3. Kinetics of Cly/C1~ Couple on Graphite 

(a) Aqueous Solutions 

The kinetics of Cl~ oxidation on graphite has been 

extensively studied. However, little work has been done on the 

reduction of chlorine on graphite. 

Cl~ oxidation has been carried out both on porous and 

pyrolytic graphite. It was found that the kinetics of the react- 

ion was dependent upon the history of the graphite, such as its 

method of manufacture and the period of time the electrode has 

been used for electrolysis. 

The kinetics of Cis. oxidation on a rotating disc porous 

graphite electrode was studied by Krishtalik etal? They 

obtained a Tafel slope of 120 mV/decade and 240 mV/decade from 

the polarization curve which was double the value obtained on the 

planar electrode. hsehenen oe claimed that this was due to the 

porous structure of the electrode. 

By sealing the electrode with get uneibad. AgCl and 

PbCly respectively, Krishtalik et_al obtained a Tafel slope of 

60 mV/decade, and 120 mV/decade whilst the Yvalue was 1 to 1.7, 

Additionally, pretreatment of the anode increased the activity
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of the electrode, but had no effect on the base of the polari-— 

zation curve. This observed change of the Tafel slope from 

60 mV/decade to 120 mV/decade in polarization curve is due to a 

change in the value of a from 1 to O.5.— This indicated a shift 

of reaction from a barrier - less discharge to a normal discharge. 

They therefore concluded that the oxidation of Cl~ proceeded via 

mechanism (5.2) and that reaction (5.2.a) was the rate determining 

step. The insensitivity of potential at low potential regions 

toward Fe?* and SO, ions provided further support for this dis- 

charge mechanism, which is independent of the double layer struc- 

ture. 

More recently Hoogland and Tanesen’” carried out the 

oxidation of Cl on both aged and new porous graphite electrodes. 

In the new electrode the Tafel slope was 120 mV/decade over the 

whole range of potential, whilst on the aged electrode two different 

slopes were observed (i.e. 40 mv/decade, 120 mV/decade). However, 

a = 0.5 for both types. They therefore suggested that the Cl 

oxidation proceeded via mechanism (5.2). Ronctiens(S 2 bts 2a 

occurred at the same rate on the aged electrodes, whilst step 

(5.2.b) was rate determining on new electrodes. 

(b) Molten salt 

The kinetics of Cl2/Cl in molten salt has gained some 

attention recently, due to the development of a high energy den- 

sity chlorine battery and production of sodium metal. Polaro- 

ramet? steady peeeet and Ptaneionty- techniques have been 

used to study the kinetics of the CI {01 ; couple in molten salt.
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Shain El aie claimed that the kinetics of chlorine evolution 

in molten salt differed completely from that of aqueous solution. 

He suggested that the Cl oxidation reaction in molten salt was 

an activationless reaction. The overpotential-current relation- 

ships followed Ohm's law e.g. IR = N and the polarization was 

mainly originated from the ohmic resistance produced by the gas 

film trapped on the anode. Murgulescu!*? similarly showed that 

the oxidation of Cl in AgCl melt was a non-activated ae 

at T = 400°C - 600°C, but intense depolarization occurred at 

higher temperatures (e.g.> 600°C). This was due to the difficul- 

ties in the desorption of Clo(ad) and its diffusion into the melt. 

Bockris et al’! obtained a Tafel slope of Se and 

Y = 1 for Cl” oxidation and chlorine reduction on the graphite 

electrode. They suggested that the oxidation proceeded via me- 

chanism (5-1), with (5.1.b) as the rate determining step. How- 

ever, in the reduction of chlorine the same mechanism Ci-e.45s. 

was followed, but the dissociation of chlorine was the slow step 

at low current densities. At high current density the reduction 

was controlled by the diffusion of the chlorine molecules to the 

electrode surface. A similar investigation was carried out by 

Tunold er alr?’ using steady state and transient techniques. 

They revealed a similar Tafel slope (e.g. a) at low current 

density, but at high current density they suggested that the re- 

action mechanism was via route C2).
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523% Experimental 

(a) Electrodes 

Porous graphite and pyrolytic graphite were used to 

manufacture electrodes. 

(a.i) Porous graphite 

The graphite (Morganite Ltd., CY 111) used had 30% 

porosity and a density of 1.6-1.7 g/cm, it was made into a 5 mm 

diameter disc, 1 to 1.5 mm thick. This was mounted on a teflon 

tube and polished. Platinum wire was used for electric connections. 

(a.ii) Pyrolytic graphite 

1 em2 pyrolytic graphite was sealed onto a nickel wire 

using silver araldite. The nickel wire was screened from the 

electrolyte using silicon rubber solution. 

(a.iii) Electrode pretreatment 
  

The prepared electrode was washed thoroughly with de- 

ionized distilled water, and cleaned electrolytically at a catho- 

dic potential of -1.6 V vs SCE (Standard Colomel Electrode) . 

It was dipped in LN. HCl for .24 hours. 

(b) Electrolyte 

IN HCl and saturated NaCl solution were prepared by 

dissolving analar grade chemicals in deionized distilled water. 

The electrolytes were purged with oxygen free nitrogen, before 

chlorine gas was introduced.
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(c) Potentiostatic pulse technique 
  

The circuit included a potentiostat (Wenking, 10A,30V) 

wave form generator (Chemical Electronic, Type 01),a transient 

recorder (Data lab, DL 901), and an XY/t, recorder (Bryans, 29000). 

The electrode was allowed to equilibrate with chlorine 

for 30 minutes until a steady open circuit potential was reached 

(1045 mV vs SCE). The cathode voltage was set at this value 

potentiostatically, and a small voltage pulse (10 mV, 5 ms dura- 

tion) was applied to the electrode. The response of the pulse 

was recorded for later analysis. 

Experiments were carried out both in the presence and the 

absence of chlorine. Net current was obtained by sub traction 

of the two readings. 

5.4. Kinetic Theory of Chlorine Reduction 

The reduction of chlorine on graphite in the aqueous 

solution may be shown schematically as follows:- 

~
 Cate 0 Cag) + Ee 6 8, GP oan (5.1.b) 

‘ Ky : 

ke 
Cl C$ e Co + Oe ee (5.1.a) 

k-2 4 

kg ee 
(5.2) Cl,(aq) +C +e oor eel (542) 

k-3 

k, 
Cl -Ct+e Ce ee ie eae. ay (C5. 2a) 

ke
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nism is based on the following assumptions:- 

(a) Adsorption obeys Langmuir's isotherm 

(b) The transfer coefficient is potential independent 

(c) The concentration of chlorine on the electrode 

surface before polarization is equal to the con- 

centration in the bulk of the solution 

(d) The foward and reverse rate of the reaction other 

than the rate determining step is in equilibrium. 

Mechanism (5.1) 

When (5.1l.a) is the slow step and (5.1.b) is in equili- 

  

brium : KyCay (1 6) 2 = K_y er (0 = surface coverage) 
2 

2 
2 >" lc. (Coy = concentration of cl.) 

(1-0) K-] 2 2 

. a A 
when a 0 OFS re Cory 

and Ba Gh? ct y | (1) Ka Clo TTT TR RSE eek e rece cee eeens 

when Oa 1 ¢ 
Se . has no physical meaning 

2 
Ci .20) 

: =BF hence 4 ennai ot bo 0 exp RE ttt tee ete cence eee ees (2) 

(n= overpotential) 

substituting (1) into (2) 

: s Ki yd “BF We igaie ot Be aaa: C Cl, CXP pp No ceeeeeee (3) 

ne =} Ste = the reaction order with respect to Clo) cr Ck, 

and b = 120 mV/decade (assuming 8 = 0.5, © 0) 

BF (b is the Tafel slope which is equal to on
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When (5.1.b) is slow and (5.1.a) is in equilibrium 

OF (1-8) ¥F 
Ky @ exp Rr Met | ae Coy (1-0) exp eo n 

(Co47 = concentration with respect to Cl~ ion) 

LF 
K-9Cc1~- exp Rr 0 
  

  

  

Q = , eae (4) 
Ky + Ko Coj- exp RT? 

Ko siGSwig b Ulelerete CON tie 00% 5 (ie) = : _ 
Ko + Ko9 Coy- exp RT N 

: a ae wed. Hence 1, ehantat F Ky cart )) ee ts RC eee Cy ce, (6) 

substituting (5) into (6) 

: 2 Ko 2 

cathodic . oa ct, ( ee of y+) 

when Q@->0 K K Cc ex a 2) 1 eek arn 

i ME KCC a te ee eee Sarge sige ws 8 
cathodic Broce (8) 

1 ae . : ° 
n cl, = 1 and Leorneate 1s independent of n 

F < 2 paki: when O71 Ky < K_ Coy exp =p 0 

Ko : : 2 
scathodic ~ Ge Con pn a on ) 

: K92 ie or i =F Bac (-———_) re We oa (9) cathodic 1 Cl, K_, Coj- RT 

Hence n! =r b = 30 mV/decade Cl; 

Mechanism (5.2) 

When (5.2.a) is slow, and (5.2.b) is in equilibrium
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6) “BF (1-8) F 

a8 eee es ee oF rs) 
BC, an 

i Oe ees eee OG) cathodic 4 Fe eat ae cr est 

When © = 0 KG Keo OO eee 321, -3°Cl pe! 

After substituting (13) into (14) 

=~ px, Con ae 
cathodic > K_3 Cc1- e RT 5 (15) 

hence n! =o] b = 40 mV/decade Clo 

when On aaa KG ee ep 
GL -3°Cl RT 1 

Hence, i er K exo = BE n é CLG) Se a 4 BE thee sete ene es 

and n! = 0 b = 120 mV/decade 

When (5.2.b) is slow, and (5.2.a) is in equilibrium 

“pp pa (1-8) F K, 0 exp re Ky Coy (1-0) exp ar 

F 
6s ee el SP Be 
  

  

errr a bb oe ek Foes (17) 

Rien hd Coy" expe n 

(1-0) « We nse (18) 
Ky ty Ky, Co- expan n 

‘ ’ “BF 
Pune od ete F Koc) CXP ep vtec cece ee eees (19) 

and substituting (18) into (19) 

5 
Ry as, Coy- exp RT? 

) is obtained   

. ne “Oe 
+ athodic ae ree rT " i
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F Whan QA Nn c aa seek 

oo. oe “4 e rock ot Be 

cathodic 3 Clo RT Core ecococecece eco o ee 

ny. = 1 b © 100 a /aeeade Clo | 

When Qo +1 B “6k Coe eke as n 
4 4. “Cl Re 

fe
 = pX3K4 CCL: ~G+BF ; 

cathodic F K-4 ae exp RT Woe Gace, S inc eee a OP) 

1 = = n cl, =] b 40 mV/decade. 

5.5. Results and Discussions 
  

(a) Potentiostatic pulse 

Since the voltage is applied on the electrode for a very 

short time interval (e.g. 5 msec.), re consult ion of reactant 

is very little, and therefore mass transfer polarization is 

negligible. 

Fur cherubes cone current obtained is very small (e.g. 

maximum 16 mA see Fig. 24) ohmic Bikacinatioe of also Ae eth te: 

Therefore, current-overpotential relationships will be governed 

solely by a charge transfer process. ae transfer effects will 

become significant only as reaction time increases and steady 

state values will be obtained. 

In order to avoid the mass transfer effect, it was im- 

portant to determine the time interval at which current readings 

were taken. Ideally, the current should be measured immediately 

after the double layer charging. Unfortunately, in the case of
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chlorine reduction on graphite, the double layer charging time 

could not be measured, as the non Faradaic region is absent (on 

the graphite surfaces, oxide is formed and reduced at a wide 

Hore Caseu oo measured the double layer 

and 
charging time on the nickel cobalt oxide porous electrodesfound 

range of potentials). 

it was approximately 200 usec. Hence, the current in this study 

was measured at 600 usec. 

Since oxide was formed and reduced in the range of po- 

tential in which the experiment was carried out, the current 

response from the potential applied was a mixed type. To obtain 

a value of current for chlorine reduction alone, the current of 

oxide reduction is substracted from the total current response. 

(b) Porous electrodes 

A modification of the Tafel equation is required when 

studying the kinetics of the chlorine reduction on porous electrodes, 

due to the possibility of severe ohmic and mass transfer polariza- 

tions inside the pores. In some cases this may lead to the 

doubling of the Tafel slope, as compared with a planar elektrode >> 

Polarization curves obtained from porous electrodes 

illustrated two different Tafel slopes e.g. 40 mV - 60 mV/decade 

at low n and 120 mV - 140 mV/decade at high n (Fig. 23). The 

reaction order with respect to chlorine concentration (n'c1,) is 

approximately 1 (Fig. 25), measured at n= 100, 80 and 60 mv. 

Based on these findings, it is therefore possible to describe the 

reaction mechanisms occurring.
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(b.1) Mechanism of chlorine reduction 
  

(b.1.1) Scheme 5.1 

It has been mentioned that (section 5.4) when 5.1.b 

is the rate determining step, current density is independent of 

potential at low surface coverage (0). However at high surface. 

coverage, the Tafel slope is 30 mV/decade and n' CL, = 1.(Table 5) 

Liereaction (5.18) aco rate devernietad step, then the 

current density is independent of the over-voltage at high surface 

coverage and at low surface coverage, the Tafel slope is 120 mV/- 

decade and nL, =}. These are not consistent with the results 

bbteatned experimentally and thus the possibility of the reaction 

proceeding through scheme 5.1. is unlikely. 

(b.1.2) Scheme 5.2 

In scheme 5.2. if 5.2.a is the rate determining step, 

it was predicted that b =40 mV/decade, ny = 1 and b = 120 mV/ 

decade, Mop = 0 at low and high surface coverage respectively. 

These predictions disagree with the acre results. 

If (5.2.b) is rate determining, b = 120 mV/decade and 

40 mV/decade at low and high surface coverage respectively, with 

ne ike This is in agreement with the data obtained. There- 

fore, it seems that scheme (5.2) offers the most likely mechanism 

for chlorine edger en reaction in which route(5 2.6) is thought 

to be the rate determining step. 

(c) Pyrolytic Graphite 

A similar pattern of current density - overvoltage
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found 
relationships were\withthe pyrolytic graphite electrode.(Fig. 24) 

Generally, the current density was higher in comparison to the 

porous graphite electrode; thiswas mainly due to its more active 

surface. 

There were no significant differences in the Tafel slope 

in the polarization curve between porous and pyrolytic graphite 

electrodes. Thus under the operating conditions of n < 100 mv 

and short pulsing times (5msec.), the porous structure does not 

seem to interfere with the polarization behaviour. 

(d) Reaction order 

The reaction order was measured based on the slope ob- 

tained from the variation of current density with chlorine con- 

centration at a fixed overvoltage (n). The reaction order was 

‘represented by the slope of the log C (mol/2) vs log i (mA /cm2) 

plot. 

Transient and rotating disc techniques were used respect- 

ively on pyrolytic and porous graphite. For porous graphite, a 

linear relationship between log C (mol/2) and log i (mA/cm”) was 

observed with a slope of approximately one.(Fig. -25) A similar 

result was obtained on pyrolytic graphite at n = 80 and 60 mv. 

(Fig. 26)
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CHAPTER 6 

6. | MASS TRANSFER BEHAVIOUR IN THE SANDWICH TYPE CATHODE 

6.1. Introduction 

The development of the sandwich type cathode has so far 

been limited to an experimental study. However, there is no 

clear understanding of the relationships between some important 

parameters, such as porosity, bulk density and T.C.A./acetylene 

black layer thickness, on the discharge characteristics of the 

cathode. 

A mathematical description of the cathode based on 

electrochemical kinetics and transportation theories is required. 

It was hoped that this model will facilitate better understanding 

of the relationship between the discharge characteristics and the 

parameters mentioned above, from which better design criteria can 

be drawn. 

For the present cathode system, a mathematical model 

was evaluated using the theory, developed by Austin et al. 

which considered the mass transfer in a flooded porous electrode 

where ohmic polarization along the porous structure was neglected. 

6.2. Macroscopic Description of the Porous Electrode 

The applications of planar electrodes in practical 

energy-converter electrochemical cells are restricted, due to 

their low surface areas, which give very low apparent exchange 

current densities and limiting current densities. 

Generally, after roughening the planar electrode surface the
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buss is increased thereby enhancing the apparent exchan 

densities. However, the apparent limiting current density is 

relatively unaffected by hie treatment and hence the planar 

electrode has limited practical value. 

In order to achieve a higher apparent exchange current 

density combined with a high limiting current density, the electrode 

structure must be modified. Amongst the most successful electrode 

designsis the porous electrode. This electrode usually has a 

much higher real surface areas in comparison to the conventional 

planar electrode. For example, a porous electrode of 1 mm thick- 

ness 50% porosity and 1 ym pore diameter may provide a surface 

area of 1000 em2/em>. Consequently, the current output at a 

particular potential is greatly increased. In addition, the 

diffusion layer thickness of the porous electrode is normally 

lower than that of the planar electrode, which increases the li- 

miting current density. 

The porous electrode consists of catalysts particles 

either distributed on to a conducting substrate, or SMecye 

together. There are two types of pores, i.e. macro and micro. 

Macro pores are distributed between the catalyst particles. These 

are variable in size as the distribution of these particles is 

usually non-uniform. The micro pores lie only on the particle 

surface and therefore cover less area than the macro pores. The 

total surface area inside the porous electrode is defined as the 

specific volumetric area $ (cm2/em3) , and is given by the BET 

surface area.
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Owing to the "tortuousity" inside the porous electrode, 

the diffusion pathways taken by the reactants toward the reacting 

sites are somewhat longer than those found on the planar electrode. 

Therefore the diffusion coefficient of reactants inside the porous 

electrode require some correction as below:- 

Deff =D, x €/q 

where Deff = effective diffusion coefficient (cm“/sec) 

D, «= diffusion coefficient in bulk electrolyte (cm*/sec) 

€ = porosity 

q = "tortuousity" (far normal solidsq ranged from 
Y¥2 to 2) 102 

The validity of €/q for the correction of mass transfer was also 

found to be valid for the correction of Yeststivity. oe 

Hence: 

ee Ae 
Pore = effective resistivity of electrolyte (ohm-cm) 

®, = resistivity in bulk electrolyte (ohm-cm) 

Although porous electrodes have a high exchange current 

density, and thus a lower activation polarization, generally not 

all their available surface area is fully utilized. This degree 

of utilization is dependent upon local electrochemical kinetics, 

the resistance of the electrode matrix and pore electrolyte, the 

electrode thickness, plus the mass transfer of the reactants as 

well as products within the matrix. 

At present there are three types of porous electrodes
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which are widely used; these include:- 

(a) Gas diffusion electrode 

In this electrode the reaction sites are located at the 

three phase interface, which is the boundary between a Liquid 

and a solid. The gaseous reactant dissolves in the liquid 

phase and diffuses toward the reaction sites. The mode of 

operation in this system depends on the eleeurdde properties and 

therefore on its method of preparation. For example, electrodes 

with Teflon binder have poorer 'wetability' than those without 

Teflon binder. Research has provided several hypothetical 

models describing the behaviour of the ae diffusion electrodé. oo” 

These include the thin film model, the finite contact angle mini- 

cus model, the double porous model, the cone model and the 

intersecting pore model. A detailed review is beyond the scope 

of this investigation, but has been provided by Srinivasan.119 

(b) Flow-through porous electrode 
~ 

This type of electrode possesses advantages over the 

planar electrode with flowing solution and porous electrode with- 

out flow. Kalnoki-Kis and Broda-!8 demonstrated that an increase 

in the current by a factor of 102 to 104 at a given potential is 

feasible with this type of electrode. The hich interfacial area 

allows the attaigmert’ (66 a high volumetric reaction rate, whilst 

the flowing solution improves the mass-transport of the reacting 

species, thereby increasing the limiting current of the system. 

The flow-through electrode has attracted great interest in the
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pollution control industry. It has been used in several systems 

e.g. the removal of heavy metal ions such as Cu2* errata le? 

+ ; F : : Leo spt ao. the conversion of ferric cyanide into ferrous cyanide 

the electro-organic synthesis and the oxidation of the waste or- 

: itil : : ganic pollutants. “ A review by Newman and feeteiean’ -) 

provides a more comprehensive analysis of these processes. 

(c) Flooded non-flow porous electrodes 
  

The majority of flooded porous electrodes are immersed 

into an electrolyte containing the reactant species, for example, 

the methanol fuel-cell system. Occasionally, the reactant it- 

self is deposited inside the porous structure of the electrode 

which is filled with electrolyte. This is mainly used in some 

primary and secondary battery systems. 

A number of workers have investigated the flooded porous 

electrode lie Euler and Nonema@har’ >” analysed the 

one-dimensional porous electrode system with a metal backing 

current collector. Their analysis was based on the assumption 

of constant concentration throughout the porous structure and a 

linear polarization equation was used. Newman and Popiae 

examined a similar system using a Tafel type polarization equation 

and, in addition, considered the variation of concentration along 

the porous structure. They concluded that the current distribution 

within the porous structure was affected by pore electrolyte and 

porous matrix conductivity together with the mass transfer of the 

reacting species. The combination mass transfer/activation and 

ohmic/activation effects on the porous electrode
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nav sk at Both studies system were studied by Austin and Lemer 

illustrated that the Tafel slope was doubled. 

However, some of these theories are considered to be 

over-simplistic and have only limited applicatiors to some porous» 

electrodes systems. For example, the Ag/AgCl and Cd/Cd (OH) 9 

electrode systems are more complicated. During discharge, the 

pore size as well as the conductivity of both electrolyte and 

porous matrix were varied. Hence a more elaborate mathematical 

model had to be considered. Alkire et alo evaluated a 

mathematical model for copper dissolution, under pseudo~steadystate 

conditions. This analysis included the consideration of struc- 

tural changes occurring during the reaction. The current distri- 

bution of electrodes containing sparingly soluble reactants such as 

Cd/Cd (OH) 9 or Ag/AgCl were investigated by Dunning et abe 

In this system the effects of variation in pore size, conductivity 

as well as electrolyte concentration during discharge were taken 

into account. Similar analyses were reported by several workers’? oho" 

concerning the lead acid electrode. The transient behaviour of 

current distribution, pore size and electrolyte concentration in 

Ag/AgCl was recently analysed by Gu et se 

Experimental evaluation of the current distribution of 

flooded porous electrodes was carried out by measuring the dis- 

tribution of chats material, pacticdl alte in battery systems. 

Bro and Kaen analysed the current distribution in the Cd/Cd (0H) 5 

electrode. However, this involved washing and drying, followed 

by sectioning of the electrode. Consequently, this will introduce
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to errors in the interpretation of the results. However, Brodd found his results were in agreement with the theoretical equations developed by Newman and Tobias 120 

Many porous electrodes have been made, but they do not always cor- respond accurately with experimental results. However, the 

Species inside the Porous structure, These Parameters have, in turn, paramount effects upon the behaviour of the predicted Polarization curve of the system. Therefore, it is important 

6.3.° The Cathode: A Mathematical Description 

The cathode consists of four layers of RSG, cA powder; each layer was sandwiched between two layers of acetylene black powder, and considered to be identical and therefore May be used
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behaviour of the whole cathode. The cathode is illustrated 

below:- 

acetylene 
Current an 

Collector 
  

      4 = Wy 
V
Y
 

Y
U
-
 

VM
IL
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LL
LL
LL
LL
L 

  

    
Xo xe * Hl a a 

During discharge the cathode was flooded with a 

mixture of 1.5 M AlCl, and 0.5 M NaCl. Several factors are 

thought to be important in affecting the cathode discharge cha- 

racteristics. These are:- 

(1) The rate of reaction between T.C.A. and A1C13/NaCl 
-solution. 

(1:1) The diffusion of chlorine from the bulk of the T.C.A. 
layer to the T.C.A./acetylene black interface. 

(iii) The diffusion of chlorine from the T.C.A./acetylene 
black interface into the acetylene black layer. 

Assuming the reaction petiech Tin and A1C13/NaCl 

' solution is fast, after the initiation of discharge, chlorine 

is available at the T.C.A./acetylene black interface, and its 

diffusion through the bulk of the T.C.A.°is negligible. Then 

the process is mainly limited to the diffusion of the chlorine 

into the acetylene black layer. 

For a redox couple of cr/ck the rate equation is 

represented by:-
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@- 

CR anF Cp -(1-a)nF | ie. —— oo =p exp soo on | eee eee 6 i2,1 oe 6 le Vlg Gh oe ee n| : } R P 

Where i, = the current density per cm? of graphite-electrolyte 
interface. 

i, = the exchange current density on the same basis 

Cp,Cp =the reactant and product concentration at an arbitary 
point inside the acetylene black layer. 

cP cP = bulk concentration of reactant and product in the 
noe LGA. layer. 

N = the overpotential. 

n = the number of electron transfer in the rate limiting 
step. 

O® = transfer coefficient. 

' F = Faraday number 

R = gas constant 

T = temperature 

If S is the volumetric reacting surface area at an 

element dx, then the reacting area available-will be S dx and the 

current at dx is di (di =ijSdx), di is the current density per 

unit exposedsurface area. 

  

Cc a rq R OnF Cp (1-o) nF aunta cs ———— Fa ———— nj dx o. 8(6.53 62) di“=-10'S cP exp RT n cb exp RT 

R P 

BT : 
Let nF b, then 

CR Cc os 
a 1-a 

di .165, 1.5 exp = — exp ( ey Xe ae or, 51.3.2) CR b Cc b 4 

Since the flux of reactant diffusing out of dx at the plane x is
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AC she € 
D—* i RD aD eee x q 

i — d2Cp at steady state : a A Peeks ee oe ka as Ow Oy (6.3.4) 
dx dx2 

n' = total number of electrons transferred in the 
reduction of one mole of chlorine. 

From 6.3.3. and 6.3.4. it may be deduced that 

2 : A205: 45 8 [Gp Gee oy Scisg) ae = SED B expe n a Be + (63.5) 
x Cc, : 

  

when the ohmic drop through out the porous matrix is negligible, 

and Nis constant. 

If the diffusion coeffiéients of both reactants and 

products are equal, then for equi-molar counter-current diffusion:- 

b b 
= + CR aE ‘ C. 2 

ep Bee 
or “D = C. cr we C. 

Substituting ss into. 6.5.5.3 

eS 

d40h aoe |) ek -(1 -a) 
= = lah CXD tag) tae CXP aoe ee) 

dx? n'Fp | cb b cb b CR 

  

ia 5 b b 1 = (al —a) @ - 92 (C, +C)( = )exp WH ioe Sop ew ap i ee aes ae CO 406) 
Pp 

Let : we aD Ss cca ae og + exp -(1 -a) 

R P = 

b b eae 
ns lo = CR ch Cp exp (1 0) 

n'FD cP b
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Hence: : 

2 
d Cp 
  Oe ee es a 2 (6.3.7) 

Boundary conditions: 

Since the total steady-state current density in the interior of 

the electrode is 

  

a ee : Bw Be) ee ee ene (6.3.8) 

Let: c = ACp - B 

x =0 dCR ao 

dx 

6.3.7) becomes 

aca = ——E = ACR bhai he a an ee Sas (GSD 
dx 

oe C, =k, Sinh (VAx) +k, Cosh (Ax) ..e.ee, (6.3.10) 

te ot YA Cosh (VA x) + k, VA Sinh (YA x) ..(6.3.11) 

at x = 0 oR 0 
dx 

therefore ky = 0 

Cpr k, Cosh (Aa) = AC, Pe ee (6,312) 

at x= L Cr = ce
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re 

and ko * (AC, - B) / Cosh (YA L) 

Substituting ky unto, (6.3.12) 

a oe Cosh (/4 x) 
ee en Cosh (VA L) 

ACR - B _ Cosh (VA x) 

Ace B Cosh (/A L) 

Hence: 

: up OCR 2 n'FD oc 96 
l= nye: ( a ) eT, rare (AC, B)tann@VA 3) eeatecet (643; 018) 

by substitution of A and B into (6.3.13) 

—s s 

i = AST, BBLS: a, - ee ~G-a) : tanh (LVA)|. .(6.3.14) ee ob oe lave es 
R P 

the n in equation 6.3.14 represents the combined effects of activa- 

tion and mass transfer polarization inside the electrode short time 

after the discharge is started. The variation of chlorine concentration 

between the bulk T.C.A. and the interface is expected to be small. 

cs cs 
Where .. 2 1 and a 1 : - 

cb an R Pp 

Hence 6.3.14 may be simplified to: 

i #34 a0 exe =n “oe ae [is . tanh cui) fs se (Gegel 5)
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However, this equation assumes that only the concentration 

variation along the electrode is important. However, in many cases, 

ohmic effects outweigh the mass transfer effects where n varied 

along the pore electrolyte, particularly in a system involving non 

ionic reactants having no supporting electrolyte. 

Austin!22, reported that the relative importance of internal 

mass transfer or ohmic effects upon the polarization of a porous 

electrode can be examined by using a factor 9. 

¢= OP nFD cP o/b 

For $ < 0.5 the system is controlled by mass transfer, 

and @ > 5 the system is controlled by ohmic resistance. The present 

system, 9(1N HCl) = 3.3 ohm-cm. n= 2, F. = 96500, 

D 1 76-210 > en /feec, oy « ¥15 = 10 ieole fer, @ © 0.5. 

b = 0.0265. Thus, ¢ = 4.5 x 1072, it is therefore reasonable to I 

assume that the system is mass transfer controlled. 

Errors involved in neglecting ohmic drop 
  

According to Austin and Lerner +". the error can be 

obtained by comparing the current obtained in the presence and absence 

of ohmic gradient along the pore. The ohmic gradient is assumed to 

be in the same direction as the concentration gradient in the electrode. 

When Cp = 0, and the irreversible reaction 

hy 

. 

when O° 

I (predicted current) /(instantaneous current) 

del <n) 

és 2 ee1/ -%
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for $=4,5x 10° 

E=1 

which in turn suggests that the predicted irreversible current, 

with ohmic drop neglected, will only result in a very small error 

(= 0%).
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The steady-state current-potential relationship was 

measured by using a rotating disc electrode.(Fig. 28) 

The electrode was prepared by mounting a disc on a 

Teflon tube. The disc was manufactured from porous graphite 

(Morganite Ltd) and was 1.1 mm thick (approximately), 0.7 cm in 

diameter and 30% porosity. It was backed by a platinum wire 

acting as a current On leauer which was welded onto a nickel rod. 

The electrode resistance was measured between the disc and the 

nickel rod to check that good electrical contact has been gefabl hed. 

(Pig. 27) 

The polarization was carried out in saturated sodium 

chloride solution containing 1M HCl. It was purged with nitrogen 

gas (white spot B.0.C) and then bubbled with chlorine gas until 

saturated (approximately 30 minutes). The chlorine concentration 

in the solution was analysed before and after experimentation, 

using iodometric titration. 

The polarization measurements were taken only after the 

equilibrium potential was established (e.g. 1045 mV vs SCE). 

This process was repeated at several rotation speeds between 2000 

and 3000 rpm.
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The current density dependence upon overpotential 

including the effects of activation and mass transfer in a flooded 

porous electrode is given by equation (6.3.15). It showed that, 

at a given overpotential, the current density is directly propor- 

tional to the exchange current density and to the characteristic 

diffusion current. 

For many porous electrode systems, because of the lack 

of availability of some of the parameters such as real exchange 

current density, effective diffusion coefficient, etc, an accurate 

theoretical prediction of the system has been made difficult. 

In many cases, the theoretical parameters can only be determined 

by fitting the theory to the experimental results. In this work 

the value of real exchange current density has been measured ex- 

-perimentally using transient techniques. 

The mathematical solution of equation (6.3.15) based on 

the data in Table 5, was computed (mini computer, PET 2001,see 

appendix 2). 

The polarization curves predicted by equation (6.3.15) 

for several electrode thickness are illustrated in Fig. 29. These 

predict that for electrode thicknesses greater than 0.7 mm, no 

further increase in current density will be observed. Also, as 

the overpotential is increased, utilization of available beercnde 

thicknesses concomittantly decreased, ultimately being limited to 

the outermost electrode surface. Figure 30 shows the theoretical 

solution plotted as current density against thickness used for 

several values of overpotential.
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The above argument assumes that the electrode process 

is an activationor andiffusion controlled; this must be 

verified by comparison with the experimental results. Half-cell 

measurements on the original sandwich cathodes were practically 

difficult to obtain for the following reasons: 

(i) The presence of T.C.A. layer on the acetylene black 

cathode may create a high IR drop and hence mask the activation 

and mass transfer overpotential determinations. 

(ii) The cathode has poor mechanical strength and prolonged 

immersion in the electrolyte during measurement disturbs its 

structure. Hence, the porosity and conductivity of the electrode 

would be altered. To overcome some of these difficulties, a ro- 

tating disc electrode was used. This consisted of a sintered 

porous graphite disc, having greater mechanical strength than 

that used in the sandwich battery and therefore capable of main- 

taining constant porosity and conductivity. 

It is important to note that, in the initial stage of 

the discharge in the original sandwich type cathode, chlorine 

originated from T.C.A. - acetylene black interface; under this 

condition it was reasonable to assume that c = c- This condi- 

tion can be obtained in the rotating disc electrode by careful 

control of its rotating speed. 

The effect of the speed of rotation upon the current 

density - overpotential el at eonshen of chlorine reduction on 

porous graphite is illustrated in Fig. 31. At n < 200 mV no 

significant change in current density was observed as rotating
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speed was varied from 2500 to 3000 rpm. This suggested that 

the surface concentration approximated that of the bulk. Levich 

correlated the relationship between current density and concen- 

tration of reactant species as follows:- 

i =B (ce <) w? 

where i = current density (mA/cm2} 

B = constant 

cps bulk concentration of reactant species mol/% 

s ‘ : ; C= surface concentration of reactant species mol/% 

& = rotating speed (Hz) 

When C.= 0 i = iy (limiting current density) 

Hence ii <1 - c8yc> 
L Rak 

SD oe 
or CR /c, mL ey 

From Fig. 31, it was found that at n < 200 

i/i, = 0.15 2 = 0.850 at  w = 2500 rpm 

i/i, = 0-11 CR/CR = 0.89 at_—w = 3000 rpm 

indicating that the possibility of bulk diffusion limitation was 

a minimum. 

However, the theoretically predicted curves calculated 

from data in Table 5 did not correlate well with the experimental 

cuLnve. (Pig. 32) The major discrepancy lies in the difference 

between the slope of the theoretical and the experimental curves. 

This is largely a function of the diffusion coefficient. The 

discrepancy could be attributed to the mechanism of the diffusion
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of chlorine inside the graphite matrix, being that of surface 

diffusion rather than bulk diffusion. However, the surface 

diffusion coefficient (D,) is less than that of the bulk (Dp) 

(see Table 5). This emphasis on the former diffusion coefficient 

would in fact aggravate the discrepancy. However, the mechanism 

of chiigss6 diffusion inside the matrix is the combination of 

both mechanisms mentioned above. Thus, the effective diffusion 

coefficient will be, in practice, the summation of the two, which 

is illustrated by the following equation:- 

Deft = Dy x © DD, A 40-0 X oD 

and 2 is a function of particle size and pore structure, the 

maximum value of Doge if obtained when X = 1, this gives 

Def = 4.9 x 1076 onereee. But the curve obtained using this 

value still did not correlate with the experimental curve.(Fig.32) 

Instead, the curve was fitted by parameterizing Der to 3 x 1074 cm2/ 

sec. (Fig. 33) a value, which is larger than the D value in 

Table 6 by a factor of 107. This suggests that diffusion through 

a static electrolyte and surface diffusion ig inadequate. This 

large value of Dog could arise from the fact that a rotating disc 

electrode ae used to obtain experimental data. The high rotating 

speed may have created turbulence at the electrode surface and 

this may have affected the flow of electrolyte within the pore, 

hence giving a greater diffusion coefficient. Despite this 

limitation these results have suggested that the process is subject 

to internal diffusion control, this is demonstrated by the curve
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in Figure 33. At present, positive conclusions concerned with 

the mechanism of this process are difficult to draw. This 

situation can only be clarified when a proper measurement of 

Deff has been achieved.



CHAPTER SEVEN 

CONCLUSIONS AND SUGGESTIONS FOR 

FURTHER WORK
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CHAPTER 7 

7. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 

(a) Conclusions 

The T.C.A. - aluminium primary reserve battery is a 

promising high energy density and low cost system. However, 

the cathode has poor storage stability, and hence its practical 

application has been limited. After one week storage under 

ambient conditions, a maximum of 10% of the chlorine content of 

the cathode may be lost. T.C.A. itself is a very stable compounds — 

no loss of chlorine being detected after one years storage under 

similar conditions. It destabilises only after mixing with 

acetylene black powder, which acts as the electrical conductor in 

the cathode. It was thought that this phenomenon was occurring 

at the interface of the two cubetnnieen oe acetylene black. acting 

‘as a catalyst. 

The data illustrated in (Figs. 1 & 2) indicated that 

during storage, the rate of chlorine loss accelerated when the 

amount of acetylene black in the mixture was increased. This was 

thought to be caused by an increase in the moietaee content of the 

mixture, thereby enhancing the hydrolysis off .C -A; Samples 

stored under a constant flow of dry nitrogen, exhibited a greatly 

reduced loss of chlorine (Fig. 3). The dry nitrogen not only 

reduced the moisture in the surroundings, but also the moisture 

preadsorbed on the acetylene black surface, and hence prevented 

the hydrolysis of 1.C. A: 

Since this reaction is an interfacial process, the rate
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will be dependent upon the amount of podtiee surface area between 

the T.C.A. and acetylene black aggregates. This area is a func- 

ion of the aggregate diameter of these components and an increase 

in the rate of chlorine loss from 33% to 55% was detected when 

the aggregate size of T.C.A. was varied between 1.85 x 10° cm s 

22.87 x 1073 om. (Fig. 4) 

A detailed knowledge of the reaction mechanism involved 

in the chlorine liberation in this system is necessary to facilitate 

further improvements in cathode stability. This study revealed 

that several reactions were involved in the destabilization process. 

These include: 

(i) An electrochemical self discharge reaction. This 

reaction was mainly governed by the anodic oxidation of graphite/ 

acetylene black, and chlorine reductiou: It followed the mecha- 

nism shown below: 

inode Mt oO CO +. 2 ee Be 

Cathodic CL+ 2e * 2c1™ oe 

Measurements taken from the half cell showed that these reactions 

occurred spontaneously, as the cathodic and the anodic polarization 

curves were intercepted at the potential more anodic to the equili- 

brium potential of the first reaction. 

(ii) A free radical process. _ This was mainly catalysed 

by the acetylene black and produced chlorine radicals. These 

radicals may subsequently abstract a avila atom from the ace- 

tylene black surface, thus producing HCl. Two methods were used 

to detect the presence of these radicals: (a) Toluene was added to



oD 

the reaction mixture containing T.C.A. and acetylene black, 

thereby forming benzyl chloride, when the reaction involved 

chlorine radicals. (b) DPPH solution was added to a similar 

reaction mixture, the presence of chlorine radical leads to the 

depletion of DPPH concentration in the solution. Both analysis 

confirmed the presence of the chlorine radicals. However, the 

exact mechanisms involved in this process is not yet fully 

understood. 

(iii) Direct reaction between HCl and T.C.A. Since both 

reactions mentioned above produce HCl, a direct reaction between 

HCL and T.C.A. is very likely, particularly at low pH. (Fig.11) 

It is therefore hoped that the destabilization of the 

cathode may be resolved either by one of the combination of the 

following methods: 

(i) the addition of stabilizers such as boric acid, 

boric oxide or zeolites into the reaction mixture. It was thought 

that zeolites would assist in the removal of H* via an ionic ex- 

change reaction, thus reducing the acidity of the system, con- 

sequently chlorine losses. In fact, the results obtained 

illustrated that the reaction was accelerated (Table 3). It was 

possible that a lack of water in the mixture inhibited the ionic 

exchange mechanism. Boric acid, however, was thought to act as 

a buffer tending to reduce the acidity of the mixture, and, as 

the results indicated (Table 3), suppressed the chlorine losses.
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(ii} The prevention of interfacial contact between the 

T.C.A. - acetylene black aggregates. This involved an alteration 

of cathode design. The T.C.A. aggregates were sandwiched between 

two layers of acetylene black powder. Boric acid (oxide) was 

added at the interface, to complete the separation of the two 

aggregates. It was thought that this design would introduce 

severe mass transfer limitations during discharge, particularly 

when boric oxide layer was present at the interface, in which the 

diffusion of chlorine molecules from T.C.A. layer into the acety- 

lene black layer. In practice, however, this effect becomes 

only serious at high discharge rates, whilst at low-rate discharges, 

such an effect was minimal, and the system attained a cell voltage 

of 2.05 volts. An improvement in storage stability was also 

obtained. In comparison with the mixed type cathode, the sand- 

wich type cathode retained 25% and 400% more capacity after 24 

hours and 48 hours storage respectively at 40°C and 75Z humidity. 

(Figs. 19 & 20) : 

To date, the results obtained from the sandwich type 

cathode are therefore very promising. | Further improvements upon 

cathode design are necessary. Previous studies have relied on 

empirical tests, which are both tedious and time consuming. It 

is therefore important to establish a mathematical model to des- 

cribe the dd dchavee Character i aeics of the cathode. Based on 

existing flooded porous electrode theories, the current densities 

overpotential relationship of this cathode was evaluated. At a 

given overpotential the current density was dependent upon
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exchange current density and the characteristic diffusion current. 

This relationship was then compared with the results obtained from 

half-cell measurements, obtained uaing the rotating disc electrode. 

It was found that the correlation between theoretical and experi- 

mental results was largely dependent upon the or fer tive diffusion 

coefficient. The best fit curve was obtained when the effective 

diffusion coefficient was 100 times the bulk and surface diffusion 

coefficient. This may be due to an inherent effect of the rotating 

disc electrode, which may involve turbulence at the electrode 

surface. Hence, creating an electrolyte flow inside the pores 

and thereby producing a large value for the effective diffusion 

coefficient. Despite this, the two results suggest that the pro- 

cess is mainly an internal diffusion controlled process. 

(b) Suggestions for Further Work 
  

Theoretical and practical data show that the sandwich 

type cathode may be of use as a stable high energy density and 

low cost cathode in the future. However, there are several areas 

which need to be further investigated to improve the overall per- 

formance of this electrode. These are: 

(i) Cathode fabrication 

(ii) Separation of T.C.A.-acetylene black layers 

(iii) Understanding the mechanism of the stabilization 
by boric acid 

(iv) Long term stability tests 

(v) Mathematical modelling of the cathode discharge 
characteristics.
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(i) Cathode fabrication 

The cathode used in this study was fairly small, i.e. 

5 cn2, and was manufactured by pressing the powder in a steel 

mould. For commercial applications however an electrode of 

larger dimensions is required. Hence, the mechanical strength 

of the electrode, and its method of manufacture have to be modified 

to be commercially viable. This may be resolved by the use of 

T.C.A. and acetylene black painted tapes, which are stacked 

together to form cathode plaques. 

(ii) Separation of T.C.A. — acetylene black layers 

A search for efficient methods for separating the T.C.A. 

and acetylene black layer is essential. The previous method of 

spreading boric acid powder at this interface was insufficient to 

prevent all contact between the T.C.A. and acetylene black layers. 

Thus chlorine losses still occurred. An alternative method may 

include the coating of T.C.A. and acetylene black tape with boric 

acid by either spraying or the use of thin membranes at the inter- 

face. Preliminary studies using tissue paper were encouraging. 

Despite severe mass transfer polarization, a cell voltage of 

1.7 volts was obtained. Further investigations of the effect of 

the membrane porosity and thickness upon cathode performance are 

necessary. 

(iii) Mechanism of the stabilisation by boric acid 
  

A study of the mechanism of the reaction of boric acid 

with the cathode mixture would be useful to find alternative organic
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cathode stability. 

(iv) Long term stability test of the cathode 
  

The long term stability tests ce the cathode were 

originally carried out at high temperature (40°C) and humidity 

52). Such an environment may alter the mode of the decay 

mechanism. Hence, further tests should be conducted in milder 

condition, thereby reducing any interference with the decay 

mechanism. 

(v) Mathematical models of the cathode discharge characteristics 

The mathematical model describing the initial stage of 

the cathode discharge characteristics was inconclusive: The 

predicted value of effective MLE AA Tons GObEE Ge tene was found to 

be too high’. This was thought to be caused by the use of the 

rotating disc electrode. This discrepancy, consequently affected 

the reliability of the model, which was used to predict the effect 

of some parameters such as porosity, electrode thickness etc. on 

the discharge characteristic of the cathode. In order to obtain 

more feliabi correlations between theoretical and experimental 

results, it is necessary to use a floating cell thereby eliminating 

effects of turbulence on the polarization curve.
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Calculation of the weight of acetylene black required for complete 

coverage’ of O.1le T.C.A. 

d,. C.A, = mean aggregate diameter of T.C.A. = 1.5 x 104 m 

d, B = mean aggregate diameter of acetylene black = 1.38 x 107° 

= i = 2 Op cA. density, of TG. A. 1.21¢/cm 

Pr RB = density of acetylene black = 1.6g/cm> 

- Total volume of 0.1g T.C.A. (vi) 

°o
 vi 

«21 

We Wt 
V = =—_ = 

Pr h.36e 10 ee | 
ee

 

The volume of a single T.C.A. aggregate (VS) _ 

vos =m 

= Sn (0.75 x 1072)? em3 

ee 767 10° ow” 

Number of T.C.A. aggregate in 0.lg T.C.A. ("T.C.A.) 

E ee 
a See Ree grea OLS e407. x 10° aggregates 

a tae 1.767 x 1076 

The external surface area of a single T.C.A. aggregate. 

oP oa md” 

3.14.6 x (1.5% 10+)? cine 

TOTS 10 care DSC th 

Assuming the total surface area of acetylene black required to 

cover completely one T.C.A. aggregate is equal to the total cross 

section area of the acetylene black aggregate. 

m.



ie BR cial Pe at ec eae alates Sr ve 3 Thus, the total cross section area will be: 

T = 
are Qe 

iT 
ae. 

s 
Pia. 

. i. ei e =f 
Since A,B. Arc. A. = 7-07° x 10 em - 

n s 

Aig. * Aue. CAL ic, 

Total cross section area of acetylene black aggregate, 
covering one T.C.A. aggregate. 

Cross section area of a single acetylene black aggregate. 

2 

The number of acetylene black aggregate required for complete 

coverage of one T.C.A. aggregate will be : 

ay 

Total number 

Ne= 

Total volume 

>
 e

H 

Q
 

H
P
r
r
y
A
 

Gy
 

< 
> °C. 

Total weight 

eB 

  

“rc. 7.07 £10 eB 
s enh Z 

A, 3. Sel416 x C..38sx-1 022) 

n = 4.73) x 104 aggregates 
A.B. : 

aggregates “ 
of acetylene black,required (N) 

4.67 x 10° x 4/3" x 10° Gk. 

N 252° x 10? aggregate 

: 
of acetylene black (Vac. - 

73 10 om? 

2.0 = 10s 2 x 3.1416 x (0.69 x 10")> 

3.02 3 10" 

of acetylene black required 

eee or ; 
Pac ao, * Onc: 

ll 

=
 ll 

A.C. 

3.02 x 1073 x 1.6 

3 4.8 2 10." os
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Figure 1 Percentage available chlorine vs acetylene black loading 

diagram for samples stored for 4,7,14 and 30 days in 

ambient condition.
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Figure 2 Percentage available chlorine vs storage time relationships 

for sample with different acetylene black loading.
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Figure 3 Percentage available chlorine vs acetylene black loading 

diagram for sample stored under —€— nitrogen atmosphere 

and ——-— ambient condition.
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Figure 4 

Relationship of T.C.A. aggregates diameter with 

the percentage of chlorine loss after storage 

at 40°C, 75% humidity for 24 hours. 
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Figure 5 Circuit diagram of the potential dynamic measurement. 

1. Chart recorder. 2. Potentiostat. 3. Linear sweep generator. 4, Cell.
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Figure 6 Cathodic and anodic polarization curve for T.C.A. 

reduction and graphite oxidation at T = 20 C, pH =1 

and pH = 7. 
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Cyclic voltammogram of graphite electrode in 4M NaCl solution pH = 1 and 7. Figure 7
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Figure 8 Liquid gas chromatograph of benzyl methyl ether. 

(a) Reference compound (pure benzyl methyl ether) 

(b) Product from mixture containing benzene, toluene,and T.C.A. 

(c) Product from mixture containing benzene, toluene, T.C.A. 
and acetylene black.
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Figure 9 Absorption maximum vs reaction time diagram of DPPH 

concentration. In the reaction mixture containing 

T.C.A., DPPH, acetylene black and benzene. The T.C.A. 

concentration were: 
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Absorption maximum vs reaction time diagram of 

A T.C.A./DPPH/benzene 
Y Acetylene black/DPPH/benze 
© Chlorine/DPPH/benzene 
4 Chlorine/DPPH/benzene (irradiated with U.V. light) 

O Chlorine/DPPH/benzene/acetylene black. 
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Figure 11 

Rate of chlorine liberation from T.C.A. 

80 } powder when reacted with dry HCl gas at 20°C, 

——A— not supported by glass powder 

——la——- supported by glass powder 
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  1. Thermometer 2. Beaker’ -3. Burner. 4. Pump 5. Inlet hose 
6. Outlet hose - 7. Cell 8. Anode 9. Cathode current collector 

10. Resistor 11. Pen recorder 12. Electrolyte reservior 13. Cathode plaque.
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Figure 13 

Single cell assembly for low rate discharge 
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Figure 14 

Performance of a single cell, discharge before storage. 

Load resistance : 5 ohm. 

SS mixed type. 

ee - sandwich type with no additive at the T.C.A. /acetylene 
as, Diack interface. 

er sandwich type with boric acid at the T. CoA. /acetylene 
3 black interface. 

os sandwich type with fine filter paper at _the £ CA} 
acetylene black interface.



Volt 

  

  
  

1.5 \ i 
0 10 20 30 40 : 50 

Coulombic Efficienty (%) 

Figure 15 

Voltage vs Coulombic Efficiency diagram of mixed and sandwich type 

single cell discharge at R = 5 ohm after storage for 0,24 and 120 hours. 

—A- -O--f- sandwich type 

—A- -@--m™— mixed type
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Figure 16 

Performance of a single cell after storage at 40°C; 752 humidity 

for 24 hours and 120 hours respectively. 

Load resistance ; 5 ohm. 

—H- -@— mixed type cathode 

—t+ -O— sandwich type cathode
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—A— mixed type cathode, —t— sandwich type cathode with boric oxide at interface, 

Pe 25°C.
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Figure 18 

Voltage - time diagram of a single cell before storage, discharged at 5 mA/em? T = 25°C. 

1.4) T.C.A. loading = 0.6¢. 

—A— mixed type cathode 

—O— sandwich type cathode with no boric acid at the interface. 
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Figure 19 Cell voltage - time profile of a single cell, discharged at 5 mA/cm2, after 

storage at 40°C, 75% humidity for 24 hours. 

—A— mixed type cathode. —O— sandwich type cathode.
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Figure 20 Cell voltage - time profile of a single cell discharged at 5 mA/cm2, after 48 hours. 

storage at 40°C and 75% humidity. 

—A— mixed type cathode —O— sandwich type cathode
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Figure 21 Voltage-time profile of sandwich type single cell before storage. Load resistance : 5 ohm. 

—A— No additive at T.C.A./acetylene black interface. 

—o-— Cyanuric acid at T.C.A./acetylene black interface.
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Figure 22 Voltage vs coulumbic efficiency diagram of mixed and sandwich type single cell discharged at 5 mA/cm2, 
T = 25°C, after storage for 0, 24 and 48 hours at 40°C and 75% humidity. 

—A- —H— -@— mixed type 

—O- —O— ~A— sandwich type
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Figure 23 Tafel plot of chlorine reduction on porous carbon in 

saturated NaCl and 1M HCl at 20°C, using potential 

transient technique.
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Figure 24 Tafel plot of chlorine reduction on pyrolytic graphite 

in saturated NaCl and 1M HCl at SUCK using potential 

transient technique.
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Bigure 25. Logi (mA/cm2) vs log C (mol/2) plot of chlorine reduction 
° . Oo . 

on porous carbon rotating disc electrode at 20 C, in saturated 

NaCl and 1M HCl, using steady state potentiostatic technique.



log i: (mA/cm2) 

  

  
  

1.0 F 

n = 80 mV 

= 60 mV 

O.5- 

OLOF 

-0.5 4 t eas 

-2.25 -2.00 -1.75 log C(mol/ 2) 

Figure 26 Log i (mA/cm2) vs log C (mol/%) plot of chlorine reduction 

on pyrolytic graphite in saturated NaCl and 1M HCl at 20°C, 

using potential transient technique.
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Figure 27 

Schematic diagram of the rotating disc electrode.
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Figure 28 

Blectric-circuit diagram of the steady potentiostatic polarization 

1. Digital volt meter, Dre 

3. Rotary Disc Electrode, 4, 

5. Rotating speed controller, S. 

Standard colomel Electrode, 

Secondary Electrode, 

Potentiostate.
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Figure 29 

Theoretical current density - overpotential relationship 
at different electrode thicknesses. (cm) 

Deer % 107°. cm2/san,



Figure 30 

Theoretical current density - electrode thickness 

relationship at different values of overpotential. 
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Figure 31 

Polarization curve of chlorine reduction 

--on the porous graphite rotating 

  

disc electrode in ‘saturated z 

a NaCl, 1M HCl T= 20C w =2000 rpmf w =2500 rpm 
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Figure 32 

Comparison between theoretical polarization curve 
Ss =G 

ate) = 3.4. 4-10 cm”/sec, D = 4.9 x.10 cm/sec 

with the experimental curve. 
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Figure 33 

Comparison of the theoretical (-) and experimental (-0e-) 
: s eee 

polarization curve at D = 3.0 x 10 cin” Jeec”



Table 1 

Mixed type cathode specification. 

Tec .A. 

Acetylene black 

Viscous fibre 

Cathode diameter 

Cathode surface area 

Cathode thickness 

Cathode bulk density 

Table 2 

High rate cathode 

0.5262 

023072 

0.02 ¢ 

2.5 cm 

5 cm” 

0.2 cm 

0.84 g/cm? 

Sandwich type cathode specification. 

T.C.A. 

Acetylene black 

Viscous fibre 

Cathode diameter 

Cathode surface area 

Cathode thickness 

Cathode bulk density 

Number of layer 

High rate cathode 

0.5272 

0.35.2 

0.02 g 

2.2 cm 

5 em 

052° em 

0.89 g/cm? 

Low rate cathode 

0.40 g 

0.30 ¢g 

0.02 g 

2.5 cm 

5 m2 

0.2 cm 

O.72 g/cm 

Low rate discharge 

O74 9 

023073 

0.02. ¢ 

2.0) em 

5 em? 

0 32¢em 

0.5 fen 

Z



Table 3 

Percentage available chlorine in mixtures containing boric acid, 

boric oxide or zeolites, after seven days storage in ambient 

conditions. 

  

Additives % Available chlorine 

Zeolite A 63.77 

Zeolite X 65.58 

Modernite 67 .36 

Cliptonilolite 67.61 

Boric acid 78.10 

Boric oxide 79.763 

No additive (T.C.A./acetylene 69.80 
black) 

Bure sce GlAk. 88 .60 

Mixture composition 

EGA. 2-08. & 

Acetylene black 0.2 g 

Boric acid, boric oxide, zeolites : 0.1 g.



Table 4 

Percentage available chlorine in mixtures after 60 hours storage 

at 40°C, 75% humidity. 

  

  

Type of seid design % Available chlorine 

Pure ©.C.A. 88 .60 

T.C.A. mixed with acetylene black (pure) 37-20 

T.C.A. sandwiched between acetylene black (pure) D210 
layers 

T.C.A. mixed with acetylene black (impregnated S210 
with 4% boric acid) 

T.C.A. sandwiched between acetylene black layers 60.027 
(impregnated with 4% boric acid) 

T.C.A. sandwiched between acetylene black layers 62°75 
(the interface was covered with boric acid powder)



Table 5 

Kinetic derivatives for rate determining step of chlorine 

reduction under Langmuir's adsorption condition. 

  

  

  

  

0>+0 O71] 070 @>1 

Cathodic Reactions 

n! n! b(mv/ b(mv/ 
Oe os decade) decade) 

521 0a- (Slow) .5.1cb Chast) 4 ~ 120 ~ 

5 eb Stow) .5.1.a (hast) di i - 30 

5.2 a (Slow) .5<2.b (rast) ik 0 40 120 

5.2-b. (Slow), 5. 2.a Chast) i 1 120 40        



Table 6 

€ 0.3 (Morganite Ltd.) 

Dy 174 =x 10> Par icéc ap 

D, 10 Ween /secie>” 

1g (apparent) 0.316 mA/em? 

1, (real) 0.132 mAJem™ 

P (graphite) al ey, jen 

RT 
OF 120 mV/decade
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