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Abstract: A study of the effects of changes in oxidation–reduction potential 
(ORP) in synthetic waters on bacterial growth is presented. In this study, ORP 
is altered by electrolysis, as opposed to the traditional use of oxidising 
chemicals. As synthetic halide-free water was used no oxidised halide species 
such as chlorine or bromine were formed. Bacterial survival was directly 
correlated with changes in ORP for heterotrophic plate count bacteria. 
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1 Introduction 

In a recent paper by Gordon et al. (1998) an interesting question was asked – could the 
enhanced disinfection observed by chlorine generated by on-site brine electrolysis as 
compared to gaseous chlorine be explained by the auxiliary formation of ozone, hydrogen 
peroxide, chlorine dioxide, or some other oxidative disinfectant? It was hypothesised in 
that paper that some additional oxidant(s) were being generated along with sodium 
hypochlorite, which would account for the enhanced disinfection. The authors found 
however, that if ozone or chlorine dioxide were being generated by this process, they 
would be destroyed too quickly to contribute to any enhanced disinfection. 

However disinfection models based solely on FAC and contact time are not adequate 
to predict disinfection by electrolytically-generated chlorine. Haas et al. (1995) showed 
that chlorine demand, turbidity, and the presence of inorganic compounds lowered the 
disinfective power of FAC. This has been confirmed in more recent work, which suggests 
that the organic components of turbidity may be extremely important in this regard 
(Springthorpe and Sattar, 2002). 

Bacteria are very susceptible to changes in the oxidation reduction potential (ORP, 
also known as Eh) of their growth medium – each species has a range of ORP within 
which it will grow or to which it can be adapted (Kimbrough et al., 1999). This can have 
important implications for disinfection. For example, Carlson (1991) reports both free 
chlorine and chloramines have faster kill rates at higher ORPs than at lower, in one case 
the difference was three orders of magnitude (167 minutes vs. 0.5 minutes for three logs 
removal of Escherichia coli) for a change in ORP of 200 mV. Carlson cites a number of 
other studies with similar results. Kouame and Haas (1991) found a multiplicative  
(as opposed to a simple additive) interaction between free chlorine and monochloramine 
in the disinfection of E. coli. This may have been due to a significant shift in ORP. 
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In two different review papers on the toxic effects of dissolved oxygen, Krieg and 
Hoffman (1971) and Gottlieb (1986) describe studies in which changes in ORP have 
negative effects on bacterial growth. Barnes and Ingram (1956) report that changes in 
ORP alone were responsible for delayed and suppressed growth of Clostridium welchii. 
Kimbrough et al. (1997) found that the application of dissolved oxygen to drinking water 
caused changes in ORP that resulted in suppressed biological growth and metabolism in 
laboratory experiments and in a plant scale study. If a shift in ORP results in suppressed 
bacterial metabolism, then the application of disinfectants combined with shifted ORP 
could enhance the effect of the disinfectants. 

In the work described by Kimbrough et al. (1999), the application of electricity in the 
form of a direct current to water (electrolysis) results in not only the formation of 
chlorine, but also should cause dramatic shifts in ORP. This suggests, as does the other 
work on ORP, that the enhanced disinfection observed with sodium hypochlorite may be 
due to changes in ORP. In order to test this hypothesis, two experiments were conducted 
to measure the effect of electrolysis on ORP and disinfection. 

2 Materials and methods 

2.1 Study design 

In order to ascertain the role of ORP on microbial survival and growth two different 
methods of ORP adjustment were tried. The biggest problem historically has been that 
ORP has generally been adjusted by the addition of chemical oxidants, which had 
bactericidal effects independent of the possible effects caused by changes in ORP. This 
meant it was difficult to sort out how much effect ORP changes had vs. the effect of the 
disinfectant. Electrolysis of water offers a method of changing the ORP without the 
addition of oxidative disinfectants. However, in previous studies of electrolysis, 
halogenated waters were used so chlorine or bromine was also produced. In this study the 
goal was to examine the effects of changes in ORP caused by electrolysis alone. In order 
to do this, halide free synthetic waters were used so that when electrolysis was used, no 
chlorine, bromine, or iodine would be formed. The goal of disinfection is to kill enteric 
bacteria, particularly the pathogenic species and strains. However, in this study 
heterotrophic plate count (HPC) bacteria were used as one can work with them more 
easily and they are more resistant to disinfection than enteric bacteria. 

2.2 Analytical techniques 

• Heterotrophic (pour) plate count (HPC) used standard method (SM) 9215 (Standard 
Methods, 1995). 

• Hydrogen peroxide was determined by a colourimetric titration test kit prepared by 
Hach (Cat. No. 22917-00) that was based upon ammonium molybdinate and sodium 
thiosulphate (STS). 

• Oxidation–reduction potential was determined using SM 2580 B with an Orion redox 
combination probe (Ag/AgCl reference electrode) with an Orion 290 A meter. 
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• Ozone was determined by SM 4500-O3 B, indigo colourimetric method using Hach 
Accuvacs and a Hach DR 2000 spectrophotometer. 

• Free chlorine was determined by colourimetric titration using SM 4500-Cl G 
(Standard Methods, 1995). 

2.3 Materials and equipment 

A commercially available bench-top flow through brine electrolysis chlorine generator 
was used (MIOX Corporation, Albuquerque NM) which had a hydraulically divided cell 
for the first electrolysis experiment. This unit did not have the ability to control the 
applied current. A second reactor was designed in order to conduct experiments where 
the amount of applied current could be adjusted. This batch reactor consisted of a grey 
PVC tube with an inside diameter of 6.1 cm (2.5 inch) with a PVC cap on the bottom. 
Three graphite rods (EDM-3, Electrodes Inc. Santa Fe Springs, California), 30.5 cm (12 
inches) in length and 6.25 mm (1/4 inch) in diameter, were placed along the sides of the 
tube and held in place by plastic spacers and electrical tape. These were used as the 
cathodes. Three dimensionally stable anodes (DSAs), (titanium rods coated with a 
proprietary coating of Indium (EC-600), ELTECH Systems Corporation, Fairport Harbor, 
Ohio (Grotheer, 1998) of dimensions equivalent to the cathodes were placed in a similar 
fashion between the cathodes. A fourth DSA was placed in the centre of the reactor 
supported by a conductive material. DSAs are specifically designed not to release 
metallic ions, thus maintaining their dimensions, hence the name. All the rods were 
connected to a direct current power source (PS-1850D, Instek Laboratories Inc.,  
Los Angeles, California). A 60 L solution of sodium sulphate (Na2SO4) was prepared to a 
conductivity of 1,000 µ Siemens. A solution of sodium thiosulphate (STS, Na2SO3) was 
prepared at a concentration 10,000 mg/L so that even the strongest solutions of chlorine 
(or other oxidants) could be reduced with a single drop. 

2.4 Experiment 1 

The sodium sulphate solution was placed in a flask and was then pumped through the 
commercial bench-top on-site chlorine generator. The catholyte and anolyte were 
collected separately in two flasks each. STS was added to one flask of anolyte and one 
flask of catholyte and the ORP, pH, Cl2, O3, and H2O2 were measured for all four flasks 
plus the unelectrolysed solution. The pH of all solutions was adjusted to 7.0 ± 0.1 with 
either dilute sulphuric acid or sodium hydroxide. The solutions were not well buffered so 
only very small quantities of either sulphuric acid or sodium hydroxide were needed.  
The solutions were then filtered through a 0.2 µm membrane filter and collected in a 
sterile vacuum filtration flask. A 100 mL aliquot of each solution was placed into the 
same type of sterile screw-top glass bottle. All five bottles were inoculated with 1 mL of 
Castaic Lake raw water. The samples bottles were mixed and plated for HPCs. Each 
bottle was plated for the next three days, a single plate for each bottle each day. 
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2.5 Experiment 2 

An 800 mL aliquot of the Na2SO4 solution was placed in the batch undivided reactor.  
A current of 1 amp and 16 amps was applied for a fixed length of time. The solution was 
then removed from the reactor and the ORP was measured. The solution was filtered 
through a 0.2 µm membrane filter and collected in a sterilised vacuum flask. The solution 
was inoculated with 1 mL of untreated water from Castaic Lake raw water. The solution 
was mixed and plated for HPCs. The solution was then allowed to incubate for 24 hours 
at room temperature (~20°C) in the dark. The solution was plated again for HPCs. This 
process was repeated at several different periods of electrolysis (0, 10, 20, 50, 100, 200, 
500, and 1,000 seconds). At the end of the 1,000-second run, the electrolysed solution 
was tested for dissolved oxygen, ozone, and hydrogen peroxide. 

3 Results and discussion 

3.1 Experiment 1 

There appeared to be very small quantities of hydrogen peroxide and perhaps ozone 
formed by the cathode and the anode. The ozone results were quite unreliable as they 
were exactly at the lowest detectable concentration. However, after the addition of STS, 
there quite naturally was no measurable H2O2 or O3. Nonetheless, as can be seen the 
electrolysed samples showed considerably lower HPC bacterial densities during the entire 
course of the experiment by several orders of magnitude. This was true for both those 
with STS and those without as compared with the control sample. Agar and air blanks 
were run with daily plating and all were negative. Not only were the total densities of 
HPCs consistently lower for the electrolysed solutions, but also the growth rates of the 
electrolysed cultures were ten times lower than the control culture as well. Both of these 
patterns can be seen in both Figure 1 and Table 1. It should be noted that the ORP of the 
inoculum was 327 mV and the sodium sulphate solutions was 458 mV. 

Figure 1 Correlation between ORP in Na2SO4 water solution after electrolysis with and without 
addition of STS and HPC concentrations 
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Table 1 Chemical properties of the electrolysed Na2SO4 aqueous solution 

Sample Control Anode Anode STS Cathode Cathode STS Units 

ORP +458 +280 +434 –125 +3.3 mV 

pH initial 7.00 3.68 3.40 9.96 9.80  

pH 
adjusted 

NA 7.03 7.01 7.01 7.00  

Cl2 <0.01 <0.01 <0.01 0.01* <0.01 mg/L 

O3 <0.01 0.01 <0.01 <0.01 <0.01 mg/L 

H2O2 <0.1 0.2 <0.1 0.6 <0.1 mg/L 

4DHGR 21,320 308 1,029 2,594 3,121 cfu/mL/day 

*A cross reaction with H2O2. 
4DHGR: Four day HPC growth rate Cfu; Colony forming units. 

What is clear is that the electrolysis process by itself, irrespective of the formation of any 
particular oxidant, has an anti-bacterial effect and is not dependent on the bacteria 
actually experiencing any electrolysis themselves. The concentrations of oxidants formed 
were quite small and in any event eliminated by the addition of STS. Since the effect was 
observed in both the anolyte and the catholyte, with and without the addition of STS, it is 
clearly not associated with the presence of these oxidants. 

The question then is, what is the connection between electrolysis and bacterial  
growth if it is not the production of oxidising disinfectants. As has been argued in  
other papers, a shift in ORP of the water (Carlson, 1991; Kimbrough et al., 1999; 
Kimbrough et al., 2000) may be responsible for suppressed bacterial growth. The results 
of this experiment make it difficult to assess this hypothesis as there is no clear 
connection between HPC densities, HPC growth rates, and changes in ORP. 

3.2 Experiment 2 

The main limitation of Experiment 1 was the fact that the amount of ORP shift from 
electrolysis could not be controlled as the electrolysis time could not be controlled. Using 
the batch reactor allowed the product of electrolysed waters with a wide range of ORPs. 
Figure 2 shows how the length of the electrolysis affected the ORP of the test  
solutions (for graphing purposes the un-electrolysed control solution was given a value of 
1 second). There was a very clear direct relationship between the duration of electrolysis 
and the shift in ORP. 
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Figure 2 Correlation between ORP and electrolysis time in Na2SO4 water solution 

 

What may seem counter-intuitive is that the ORP should become increasingly negative. 
The negative shift in ORP means that the ratio of oxidants to reductants has shifted in 
favour of reductants. What is not known is the absolute amount of either oxidants or 
reductants, only their ratio. There are several combinations of possible changes that could 
account for this shift. However since the test solution consisted of only distilled water 
and sodium sulphate, there are no oxidants or reductants to be consumed so this shift can 
only be explained by the formation of oxidants or reductants. Since sodium and sulphate 
were conserved throughout the experiment, the only chemical changes that could occur 
would involve the oxidation and reduction of water. 

Water is oxidised at the anode, as described by equation (1); 

2H2O  4e– + O2 (g) + 4H+   E0 = +1.229. (1) 

E0 values are from the CRC Handbook (1978). 
Similarly, water is reduced at the cathode to hydroxide ions and hydrogen as 

described in equation (2). 

2H2O + 2e–  H2 + 2OH–   E0 = –0.83 (2) 
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The shift in ORP can only be explained by the release of one of these four end products 
into solution. The shift in ORP could then best be explained by the change in the  
balance of dissolved oxygen and hydrogen. Since oxygen is about twice as soluble as 
hydrogen (10), the shift in ORP may be explained by the greater accumulation of oxygen 
as opposed to hydrogen in the water during electrolysis. Further, the ORP of H2 and O2 
are not equal, so the ratio of readily available electron donors to electron acceptors in the 
water was radically altered. A similar pattern of lowering ORP with electrolysis was 
observed in natural waters (Kimbrough et al., 1999). 

Figure 3 shows the relationship between the concentration of HPC bacteria 
immediately after inoculation (Day 0) and after 24 hours of incubation (Day 1). There is a 
direct first order relationship between the concentration of living HPCs in the 
electrolysed solution and the ORP (Pearson Product Moment Correlation (PPMC) 
R2 = 0.85, p = 0.008), or more specifically, the difference between the ORP of the 
inoculum and the ORP of the test solution. A similar pattern can be seen in the 
concentrations of the incubated for 24 hours although the relationship was second order, 
not first (PPMC R2 = 0.961, p = 0.001). Figure 4 plots the growth of HPC over a  
24-hours period vs. the change in ORP of the test solution (PPMC R2 = 0.956, 
p = 0.0002). As with the HPC concentrations, the growth rates were directly proportional 
to the amount of ORP shift. The effect of the shift of ORP was immediate and lasted for 
at least 24 hours. 

Figure 3 Correlation between ORP and HPC densities in Na2SO4 water solution after electrolysis 
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Figure 4 Correlation between ∆ORP and ∆HPC in Na2SO4 aqueous solution after electrolysis 

 

The results of these experiments are not too surprising if it is remembered that the most 
fundamental metabolic pathways are basically a series of oxidation–reduction reactions. 
Using oxidative phosphorylation as an example, the overall reaction is: 

½O2 + 2H+ + 2e–  H2O        E0 = 0.82 V (3a) 

NAD+ + H+ + 2e–  NADH   E0 = –0.32 V. (3b) 

Subtracting reaction (a) from reaction (b) yields reaction (c), 

½O2 + NADH + H+  H2O + NAD+   E0 = 1.14 V. (3c) 

The free energy of the reaction can be calculated in this fashion where G is the Gibbs free 
energy, n is the number electrons per reaction, and F is the Faraday constant: 

∆G0 = –nF∆E0 = –2 × 23.062 × 1.14 = –52.6 kcal/mol (Stryer, 1982). 

The ORPs of these reactions are relative, i.e., the reduction of oxygen to water and the 
oxidation of NADH to NAD+ (catalytically mediated) are thermodynamically favourable 
relative to other possible reactions. If the ORP of the growth medium (in this case, water) 
changes the ORP of the bacteria’s interior, competing reactions that would not normally 
be thermodynamically favourable, could become so. Alternatively, the shift in the ORP 
may impact either the configuration of vital proteins or impact the charge on 
mitochondrial membranes. 
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4 Summary and conclusions 

Electrolysis of synthetic water produces changes in the ORP of that water. The amount of 
change is directly proportional to the applied current or chlorine concentration. 
Electrolysis alone of synthetic waters has bactericidal effects to naturally occurring HPC 
bacteria found in Castaic Lake. This is true even when HPC bacteria are added after 
electrolysis, which means the bacteria did not experience electrolysis. The growth of 
HPC bacteria in synthetic waters is proportional to the electrolysis time. 

Although H2O2 was detected in the catholyte and anolyte of the commercial chlorine 
generator, the concentrations were low. Ozone may or may not have been produced as the 
results were at the lowest measurable concentration. In any event, the bactericidal effects 
of electrolysis did not appear to be dependent on the presence of these oxidants as the 
bactericidal effects were observed in both the catholyte and anolyte with and without the 
addition of STS. Since STS will rapidly reduce these oxidants, the role of these oxidants 
would seem to be minimal. Further, H2O2 is reduced by ozone. 

O3 + H2O2  H2O + 2O2 

and by hypochlorite 

4H2O2 + 2ClO–  4H2O + 3O2 + 2Cl– 

these other oxidants would be rapidly removed from solution during brine electrolysis. 
The most reasonable explanation is the hypothesis that bacteria have an optimum 

ORP for growth and the further their growth medium is from that optimum, the more 
their growth is suppressed. Thus, the enhanced disinfection seen with onsite brine 
electrolysis may be due to dramatic changes in ORP as the major factor. 

References 
Barnes, E.M. and Ingram, M. (1956) J. of Applied Bacteriology, Vol. 19, pp.117–128. 
Carlson, S.J. (1991) Water SRT, Vol. 40, pp.346–356. 
CRC Handbook of Chemistry & Physics (1978) 59th ed., CRC Press, Boca Raton, Fl. 
Gordon, G., Emmert, G., Gauw, R. and Bubnis, B. (1998) Ozone Science & Engineering, Vol. 20, 

pp.239–249. 
Gottlieb, S.F. (1986) Annual Review of Microbiology, Vol. 40, pp.107–130. 
Grotheer, M.P. (1998) ‘Electrochemical processing (inorganic)’, in Howe-Grant, M. (Ed.):  

Kirk-Other Encyclopedia of Chemical Technology, 4th ed., John Wiley & Sons, Vol. 9, 
pp.124–159, New York. 

Haas, C.N., Joffe, J., Anmangandla U., Jacangelo, J. and Heath, J. (1995) ‘The effect of water 
quality on disinfection kinetics’, Journal of the American Water Works Association, Vol. 88, 
No. 3, pp.95–103. 

Kimbrough, D.E., Gleason, A. and Springthorpe, S. (1999) ‘The effect of oxidation–reduction 
potential (ORP) on drinking water disinfection’, Proceedings of the 1st International 
Symposium on Water Borne Pathogens, American Water Works Association, Milwaukee, 
Wisconsin, USA. 

Kimbrough, D.E., Gleason, A., McLean, S. and Shirely, R. (1997) Proceedings of the International 
Ozone Association Pan American Group Annual Meeting, South Lake Tahoe, Nevada, USA. 

 
 



      

 

   

 

   

    The effect of electrolysis and oxidation–reduction potential  221    
 

    
 
 

   

 

 

       
 

Kimbrough, D.E., McLean, S., Gleason, A. and Springthorpe, S. (2000) ‘The effect of electrolysis 
on ORP and disinfection’, International Ozone Association – Pan American Group Meeting, 
Orlando, Florida, USA. 

Kouame, Y.and Haas, C. (1991) ‘Inactivation of E. coli by combined action of free chlorine and 
monochloramine’, Wat. Res., Vol. 25, No. 9, pp.1027–1032. 

Krieg, N.R. and Hoffman, P.S. (1971) Annual Review of Microbiology, Vol. 25, pp.111–152. 
Springthorpe, S. and Sattar, S. (2002) ‘A dynamic reactor to study disinfection of drinking water’, 

Report #551, American Water Works Association Research Foundation, Denver, CO., USA. 
Standard Methods for the Analysis of Water and Waste Water, 19th edition., Eaton, A.D.,  

Clesceri, L.S. and Greenberg, A.E. (Ed.) (1995) American Public Health Association, 
Washington DC. 

Stryer, L. (1982) Biochemistry, 2nd ed., W.H. Freeman & Co, San Francisco, pp.311–315. 




