






2. Summary of Work 

This project has been running from the end of 1984 to the end of 

1989. A summary of the work is given. Part way through, it was realised 

that generation of free chlorine was not essential for the destruction of 

bacteria and perhaps undesirable operationally. In consequence emphasis was 

shifted to the direct effect of an electrolytic current, the presence, or absence, 

of chloride ions being treated as one of several influential variables. 

2.1 Experimental Determination of Constants Governing the Evolution of 

Chlorine. 

Initial experimental work was carried out to elucidate the kinetics 

of the anodic chlorine production from chloride ions and competitive 

oxygen evolutionary reaction. This work was carried out with rutherium 

oxide coated titanium and graphite anodes. The kinetic constants 

indicated that at low chloride concentrations graphite would be far 

superior, and that a current density of approximately 1-3 A/m2 was 

required to release CQ2 from aqueous solution containing chloride ions at 

the levels which would be met in potable water supplies, namely 10 to 

say 100 ppm. 

2.2 Literature Survey 

A literature survey showed that many devices for generating 

chlorine from aqueous chloride solutions were available for water 

treatment but the solutions employed were synthesised or only depended 

upon advantageous presence of chlorides in the case of hypochlorite 

generation from sea water. 

2.3 Bench Scale Studies 

A full scale undivided, bipolar, plane-parallel plate cell with a 

total electrode area of 225 cm2 was constructed, based on the 

parameters determined from the above work, and was tested using an 

electrolyte containing chloride ions at a concentration of 20 ppm. The 

first few runs failed to produce the expected chlorine, however, and so 

further experimentation with this cell was suspended in favour of 

preparative bench scale studies of a diagnostic nature. A new anodic 

material, Ebonex, (a suboxide of titanium), which became available at 

this stage was included in these studies and proved to be superior to 

graphite as a chlorine generator. Initially these studies were carried out 

with both rotating and stationary anodes. In a divided cell and with a 
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rotating anode, be it Ebonex or graphite, chlorine was readily liberated 

from chloride ions at low concentrations (e.g. 20-40 ppm) but not so 

with a stationary electrode in a stirred electrolyte. It was therefore 

deduced from this that a high shear rate is needed at the anode 

surface. 

With an Ebonex rotating anode, chlorine production rates of 

approx. 700 mg/m2h at 15 A/m2 and approx. 6000 mg/m2h at 70 A/m2 

were recorded with chloride concentrations of 20-40 ppm. 

Further experimentation was carried out to establish whether the 

production rates could be extrapolated to larger electrode sizes. The 

results showed that the amount of chlorine produced from a 30mm dia. 

anode is proportionally less than that predicted from the Smm dia. 

anode. 

These results led to the construction of a thin gap parallel plate 

cell divided by a nafion (cationic) membrane and equipped with a mesh 

turbulence promoter to improve the shear rate. An Ebonex anode was 

used with an exposed area of 600 mm2. The anolyte and catholyte 

were circulated separately through the cell by centrifugal pumps in a 

recirculating mode, see Section 3.1. Initial tests with the cell gave 

promising results with chlorine production rates of approx. 2,600 

mg/m2hr. being achieved at chloride concentrations as low as 10 ppm in 

distilled water and a current density of SOA/m2. 

Up to this point, work concentrated on the anodic generation of 

chlorine from distilled water containing low levels of chloride ions. In 

the next stage the work was extended to natural waters but the results 

were inconclusive with no detectable chlorine being generated. In an 

attempt to understand them the work was continued with distilled water 

in which constituents present together in natural water were studied 

separately, in particular, humic and fulvic acids and ammonium salts. 

Both were found to be extremely reactive towards chlorine but did not 

prevent the destruction of Eschevichia Coli and, in fact, these studies 

eventually led to the conclusion that the presence of free chlorine is not 

essential to the destruction of E.coZi which is most likely to be due to 

direct anodic oxidation. This further suggests that the presence of a 

membrane, the function of which was to stabilise chlorine, was also no 

longer necessary. This was subsequently confirmed by experiment. 

In the light of these tests it was decided at this stage that 

rotating electrodes and divided cells be abandoned for the remainder of 

the programme, a decision which also meant that their inherent 

complexity was avoided. 
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2.4 Large Scale Cell Development 

Calculations based on the above work predicted that an electrode 

size of over 200 cm2 based on a contact time of 1.6 sec. was required 

to disinfect 451. of water per hour. The electrode gap was to be 

lmm to hold down the ohmic losses incurred by passage of current 

through the relatively poor conducting water. 

Designing for a flow velocity of approx. 0.5 m/set. this would 

require the electrodes to be 25mm wide and 800mm long or 25mm x 

200mm if 4 cells were in series. This configuration, however, presents 

a problem from the point of view of using Ebonex for the following 

reason. 

To maintain the lmm gap to within say 20.2mm requires a 

tolerance of ?O.lmm on flatness of each electrode. This can not be 

achieved with Ebonex for the required size of electrode by present 

production methods and nor can it be machined to tolerance because of 

its brittleness. For the same reason it is not easy to form a good seal 

between it and the cell walls. 

Although it was established in previous bench scale studies that 

Ebonex is far superior to normal graphite for the production of Cl2 

from small concentrations of chlorides by the electrolysis process, a 

similar comparison had not been undertaken regarding the destruction of 

bacteria. As graphite is a much easier material to use, and so lends 

itself to a simpler cell design, it was thought appropriate to do this 

comparison before thought was given to the more sophisticated cell 

design which would be demanded by Ebonex. 

From experiments on this comparison it was found that Ebonex 

required a residence time of 1.6 sec. compared with graphite which 

required over 3 sets. In this context, residence time is the average 

time an element of fluid resides in the cell. It was concluded therefore 

that, if possible, Ebonex should be the preferred electrode material and 

that a cell design be sought which could accommodate it. 

An appropriate design of cell was thought to be the Bipolar Rod 

Cell. This type of cell was developed in the Department of Chemical 

Engineering at the University of Newcastle upon Tyne and patented 

through NRDC, and consists of a stack of rod electrodes separated by 

O-rings of an appropriate thickness. The electrodes can be 

comparatively small and are rugged. Furthermore, the sealing between 

the electrodes and cell walls is less critical. 

A cell of this type, designed to treat 509 of water per hour, was 

built using both round and square rods. Unfortunately, due to supply 
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difficulties, Ebonex was not available at this development stage and 

therefore graphite was used. As in previous tests with the planar 

electrode cell, testing was carried out in the re-cycled batch mode. 

Using 12.5mm square x 60mm rods, distilled water and a current 

density of 45 A/m 2, E.coli was destroyed with a residence time of 5.3 

sets. This is similar to the results previously obtained with the planar 

electrode cell and a graphite anode. The effect of reducing the current 

density was to increase the required residence time as was the effect of 

introducing organic material (humic + fulvic acid). 

2.5 Large Scale Rig Development 

The encouraging results obtained from testing the bipolar cell in 

the re-cycling mode led to the building of a larger rig so that testing 

could be carried out in a batch mode and on a larger scale. 

The performance of this cell was thoroughly investigated and 

included such parameters as current density, contact time, flow velocity, 

organic and nitrogen content, bacteria type, polarity reversal and 

chlorine generation. Due to the problem of supply of Ebonex, graphite 

was used in all these tests. 

The results indicated that to disinfect water contaminated with 

E.cdi. in the batch mode, a current density of 120-l 60 A/m2 at a 

contact time of 5-8 sets. is required. It was also confirmed that the 

introduction of organics has a significant effect on cell performance. 

For instance, water with a Hazen No. 20 could require a 50% longer 

contact time. Work with water contaminated with settled sewage showed 

that the cell was effective in destroying bacteria other than E.coli. 

2.6 Ebonex Plate Cell 

Towards the latter stages of the work described above a number 

of Ebonex plates (approx. 2.5mm thick) became available. To gain 

some experience with this material, 6 plates, 56mm x 54mm, were 

stacked in an existing cell box in a parallel flow arrangement. Results 

from a limited number of tests using this cell indicated that with a 

current density of 120 A/m2 a contact time as low as 1.5 sec. may be 

sufficient to disinfect water contaminated with E.coLi. 

With this cell configuration, useful life tests were carried out with 

a continuous supply of water through the cell at an operating current 

density of 245 Alm2. The University water supply was used for this 

purpose. Initial tests resulted in a large deposit of calcium and 
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2.7 

2.8 

magnesium hydrated oxides forming on the electrodes within a few days. 

Also there was considerable erosion of the electrodes. The problem of 

deposition was resolved by restarting the tests with new plates and 

reversing the polarity of the electrodes every 2 mins. Erosion of the 

electrodes was considered to be due to the current density being too 

high. This life test continued (operating at 108 A/m2 and reversing 

polarity every 2 mins.) for 32 days with no significant deterioration of 

electrodes or deposition. 

Ebonex Bipolar Cell with Rectangular Rods 

When rectangular Ebonex rods became available a bipolar rod cell 

was built and tested. The results were very promising and confirmed 

the view that Ebonex was far better than graphite in this application. 

A limited number of tests were carried out to investigate the effect of 

polarity reversal on the performance of the cells. At a reversal rate of 

one per min. there was no significant change in performance. 

However, at the high rate of one per sec. a considerable drop in 

performance was observed. 

Field Trials 

When a supply of Ebonex square rods was available, a new 

bipolar cell was built. Another test rig was also manufactured, 

specifically designed for site testing, with a purpose built control box. 

The test rig was set up at Horsley Treatment Plant and field trials were 

carried out over a period of 5 weeks. Raw water was supplied mainly 

from the river Tyne. The initial performance of the cell was good 

even though the organic content of the water was very high. (Hazen 

numbers in excess of 100 were recorded). However, the effect of the 

high colour and turbidity was a dramatic drop in cell performance after 

24 hours due to undissolved solids depositing on the electrode surfaces 

and also, possibly, to the “carry-through” of bacteria on the particles. 

It should be mentioned that there were abnormal storms during these 

tests and as a result the water carried heavy solids burden. 

Close examination of the electrode surface showed that there was 

a surface coating. This had to be removed before the original 

performance was regained. 

It was thought that the problem of surface contamination may be 

due to the high permeability of the Ebonex material and so might be 

avoided by using a non-porous electrode material. The field trials were 

therefore abandoned so that more laboratory tests could be carried out 
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with the bipolar cell. One of these tests showed that having cleaned 

the Ebonex electrodes, the cell could operate continuously with the 

standard electrolyte solution for 6 days without detrimental effect on cell 

performance. The standard electrolyte solution is specified in Section 

3.2. 

Polarity Reversal 

A series of tests was carried out with the Ebonex bipolar cell to 

study the effect of polarity reversal on cell performance under a variety 

of test conditions. Both E.coZi and faecal Streptoccoci were used as 

indicator organisms. 

The results showed that there is a period of instability after the 

current is reversed which manifests itself as a drop in cell current (at a 

constant voltage) and a momentary decrease in pH. The time over 

which this occurs and the precise characteristics of the instability seems 

to depend on the material of the electrode and not necessarily on the 

frequency of polarity reversal. This period of instability has a 

detrimental effect on the ability of the cell to kill bacteria and is 

thought to be caused by reversible chemical changes occurring at the 

electrode/electrolyte interface. Cell performance is dramatically reduced 

when the frequency of reversal is greater than 2 rev/min. At a 

frequency of 2 rev/hr., on the other hand, the period of low 

performance lasts for only a small proportion of the total running time. 

For Ebonex electrodes the time of instability lasts approx. 2 mins. 

2.10 Material Investigation 

A preliminary investigation was carried out to find alternative elec 

trode materials which have similar electrode properties to Ebonex, i.e. 

high oxygen overpotential and the ability to generate chlorine, but which 

are non-porous. 

Most metals were excluded from the investigation due to their 

instability as an anode. The more stable metals are either 

unacceptable in potable water, such as lead, or very expensive and 

only viable if used as a coating on another metal, e.g. platinised 

titanium. In general, these coatings are rapidly removed from their 

substrates when polarity is reversed. 

Non-metals such as oxides, carbides, nitrides, borides and silicides 

were investigated together with several forms of carbon. Some were 

considered in bulk form and others as a coating laid on a substrate. 



Tests showed that the electrodic properties of a material depend 

on its structure, how it has been manufactured and the presence of any 

trace elements. There are, therefore, a countless number of 

possibilities. However, from the number of tests carried out it was 

concluded that the carbides and carbon-carbon (a carbon/resin composite 

with a high fibre content) are the most promising types of materials. 

All the nitrides tested proved to be anodically unstable being 

readily transformed to oxides. For a similar reason the suboxides can 

be ruled out except, of course, the suboxide of titanium, namely 

Ebonex . 

A number of materials had not been made available by the time 

of completion of the project and the investigation has by no means 

exhausted all the possibilities. It is recommended that a further study 

be carried out to continue this investigation. 

****** 
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