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ABSTRA CT 

Oxidation-reduction potenti al ( ORP) measure ments w ere made in conjunction with 
monitoring of other process variables in biological nutrient re m oval systems to determine 
the suitability of using this parameter to monitor and characterize conditions in un-aerated 
bio-reactors. Results obtained over the course of a three year investigation indicate that 
ORP monitoring can provide a very meaningful indication of process and bio-reactor 
performance. Easy to make , ORP determinations are reliable and can be used to distinguish 
between different levels of respiratory activity and also to identify the onset on 
non-respiratory conditions. This has practical advantages in that it  provides a rational 
basis for real t i me c ont rol and optimization of process nitrogen removal. In more 
highly anaerobic environments ORP was found to correlate with observed phosphorus 
release,  thus providing a real t ime indication of this aspec t  of process perfor mance. This 
investigation has concluded that ORP is a unique and very useful practical tool for process 
monitoring, control and optimization w hich holds great promise as a process control 
parameter in these and future applications, in particular as a sensor for continuous process 
monitoring and automated process control. 

K E Y W ORDS 

Oxidation-reduction potential; ORP; process monitoring; automated process control; process 
optimization. 

INTRODUCTION 

The earliest r�ferenc,e to oxidation-reduction potential ( ORP) measurement in connection 
with sewage treat ment dates back to 1 9 0 6  (Dirasian et oZ., 1 96 3 ) . In the 1 94 0 's interest 
in ORP monitoring was widespread and it was hailed by many as being the "new approach" 
to moni toring and control in biologi cal wastewater treatment (Dickinson,  1 940 ;  

Rohlich,  1 944; Hood, 1 9 48) .  Surprisingly, this much  maligned and often controversial 
parameter has seldom been the subject of intensive research since, even in situations 
where no other comparable parameter exists. In fact ,  the concept of using ORP as a process 
monitoring and control parameter in sew age treatm ent has nearly completely disappeared. 

It would appear that, at least in part , the general reluctance to fully explore the suitability 
and applicability of ORP in attempts to incorporate these concepts into a rational approach 
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to design, monitoring and control of wastewater treatment plants stems from a widespread 
belief that reliable O R P  measure m ents are difficult to obtain and, further, that unambiguous 
interpretations are not possible. Due to the seemingly i mpossible task of being able to 
fully rationalize and understand the underlying theoretical aspects of redox potential 
in these applications, convincing and far reaching arguments have been presented (Stu m m ,  
1 9 6 6; Morris and Stu m m ,  1 9 6 7 )  w hich suggest that, o n  t h e  basis o f  theoretical considerations 
alone, ORP as an environmental parameter cannot be successfully applied to the monitoring 
complex dyna mic biological systems and, therefore ,  its use should not even be c onsidered. 

Another i mportant factor that has precluded the need for incorporation of ORP concepts 
has been the successful application of dissolved oxygen (DO)  m onitors in biological systems. 
Since DO monitoring is so successful in the operation of aerobic systems and since aerobic 
processes are almost universally used for treatment of municipal wastewater, there has 
been no real impetus to develop and refine other concepts such as O R P  for monitoring 
and/or control purposes. 

With the recent interest and popularity of biological nutrient removal processes, which 
incorporate the use of non-aerated as well as aerated zones and involve anaerobic 
respiration and fermentation as w ell as aerobic activity, there has been introduced a real 
need for monitoring systems that provide an i m mediate indication of the biochemical 
well being of the various process zones especially those that are unaerated. Applying 
ORP as a monitoring tool in these situations holds great promise, especially since it  is 
singularly the only intensive parameter which can be utilized to continuously monitor 
conditions throughout the broad range of diverse biological environ ments. The use of 
ORP in these applications has been the subject of considerable and extensive 
experi mentation in both laboratory scale , batch testing and continuous flow , pilot scale 
nutrient re moval studies at the University of British Colu m bia. 

LITE RATU RE REVIE W 

Interest in O R P  and its measure ment in biological systems on the part of bio-chemists 
and bacteriologists dates back to the turn of the century. Hewitt ( 1 9 5 0 )  provides a w ell 
written and informative sum mary of early research along w ith an excellent review of 
the many facets and complexities of ORP measurement and its interpretation. Apparently 
of fundam ental importance in pioneering efforts in the field of bacteriology which 
ulti mately led to breakthroughs and developments in the general understanding of basic 
biological functions and m etabolic processes at the cellular level, Hewitt notes that "despite 
their complexity, a parallelis m and sim ilarity frequently become apparent among materials 
from w idely divergent sources". " Many substances of biological i mportance including 
enzy mes, vitamins , hor mones and pigm ents behave as oxidation-reduction systems and 
in a nu m ber of cases the biological activity has been c orrelated w ith electrode potential. " 

In the field of sew age treatment it w as not until the 1 9 40 's that increased interest is 
indicated and investigation of ORP began in earnest. Paralleling the i mple mentation 
and early development of the ac tivated sludge process, many researchers (Dickinson, 1 940 ;  

Moore , Ruchoft and Wattie,  1 9 42 ;  Moore and Ruchoft , 1 9 43; Rohlich,  1 944; 
Eliassen, 19 4 5 ;  Hood, 1948 ;  Rohlich,  1 9 48;  Hood and Rohlich,  1 949 ;  Eckenfelder and Hood, 
195 1; and Nussberger, 1 9 53) independently and jointly examined O R P  in numerous sewage 
treat ment plants at various stages of puri fication. Consisting mainly of field observations 
made in municipal treatment plants, although some attention w as also paid to industrial 
biological waste treat ment processes, these stUdies provided extensive docu mentation 
of ORP which indicated widely di ffering conditions with nearly as many anomalies revealed 
as there were similarities found between measurements taken from different treat ment 
plants. In itself, not surprising when one considers the rather limited know ledge and poor 
understanding of the fundamentals in the state-of-the-art in both treatment plant design 
and operation that typified this era, it is also an indication that many different and often 
incompatible ORP measurement techniques were being used. All studies indicated, how ever, 
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that there w as a recognizable pattern of ORP change over the course of aerobic treatment 
as waste materials w ere oxidized. Although not completely definitive, measurable increases 
in ORP provided a good general indication of carbon oxidation and the degree to which 
waste stabilization had progressed. Without exception, all  researchers advocated 
optimistically that ORP be hailed as the "new " process control parameter. Some researchers 
(Nussberger, 1 9 5 3 )  even proposed rational methods whereby ORP monitoring could be 
used for diagnosing operating proble ms, presenting guidelines for controlling plant operation, 
specifically , aeration control. By these methods, plant operators could determine, for 
example , whether plants were being underloaded, overloaded, overaerated or underaerated. 
Other clai ms made as a result of these early ORP investigations were:  that it could be 
used to detect the presence of industrial w astes and toxic conditions; to examine influent 
and effluent quality; to determine general operating conditions in sedi mentation tanks 
and digestors; and, to provide a method for odour control. All investigators noted and 
agreed that considerably more research w as needed before ORP and the significance of 
its mani fold variations could be understood. How ever, without exception, all indicated 
that ORP moni toring showed great promise as an operational tool which could help designers 
and plant operators examine, assess, understand and control process and plant performance. 

Apparently little rigorous follow-up investigatory w ork into ORP w as ever conducted. 
The development and widespread use of DO as a convenient and successful process control 
parameter in the activated sludge process seems to have precluded any serious continued 
interest in ORP which led to the near disappearance of this concept except for the odd 
reference in obscure journals ( Rudd et oZ., 1 9 6 1 ; Roberts and Rudd, 1 9 6 3 ; O'Rourke et 
01., 1 96 3; Burbank; 1 9 8 1 ) , mostly in articles w ritten by plant operators generally in the 
form of anecdotal com mentaries su m m arizing working experience. Isolated instances 
of the practice of ORP monitoring in connection with process control continued although 
only at the operational level. Its use w as m ainly practical and diagnostic and seldom was 
any truly scientific data collected. It is noted, how ever, that recent resurgent interest 
at both the research and practical levels has been indicated especially in Japan w ith the 
application for several patents ( M eidensha Electric ,  1 9 8 0 ;  Kankyo Engineering, 1 98 3 )  w hich 
involve the use of ORP as a method for controlling D O  and preventing sludge bulking in 
activated sludge. 

In anaerobic biological waste treat ment processes, ORP has been the subject of more recent 
and intensive scientific investigation which has produced highly definitive and completely 
unam biguous results. Apparently never having been studied in any great detail until the 
late 1 9 5 0 's w hen Grune and Chueh ( 1 9 5 8 )  conducted their preli minary investigations, 
pioneering research at the University of Michigan, Ann Arbor ( M olof, 1 9 6 0 ;  Dirasian, 1 9 62; 
Dirasian, Molof and Borchardt, 1 9 6 3 ), subsequently confirmed independently by Hartz 
and Kountz ( 1 96 6 )  and re-examined and extended by other investigations at New York 
University (Blanc ,  1 96 9 ;  Blanc and Molof, 1 968, 1 9 7 3 , 1 97 4) r e v e a l e d  that anaerobic 
sludge digestion is particularly a menable to ORP monitoring and control. During these 
investigations, optimum conditions for methane for mation w ere found to be charac terized 
by an extre mely narrow range of measured electrode potentials (Ec values of -5 2 0  to -5 3 0 
m V) although gas production w as observed to occur over a w ider range (Ec values of -4 9 5  
t o  -555 mY). Outside o f  this clearly defined opt imum range, gas production fell off 
markedly and process failure occurred, confirmed by conventional digester performance 
criteria. The general conclusions reached in these investigations were that ORP w as an 
invaluable process monitoring and control parameter in application to anaerobic digestion 
processes. Reliable , reproducible , continuous ORP measure ments w ere easy and convenient 
to make and they provided a real time indication of digester performance enabling 
successful maintenance of a healthy methane-producing flora w hich could be tightly 
controlled to ensure optimum sludge digestion. Electrode potentials attained during 
digestion w ere thought to be the net result of activity by the methane bacteria since 
potentials produced were found to be independent of digester feed strength and composition. 
Field measurem ents were also found to be in good agreement w i th theoretically predicted 
values based on equilitxiu m  chem istry (Borchardt,  1966 ). 
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In subsequent w ork, also at the Universi ty of Michigan ( Borchardt, 1 9 7 0 )  w here dialysis 
techniques w ere e mployed to separate the two phases of anaerobic digestion ,  i t  w as also 
found that volatile acid production w as characterized by a similar clearly defined, optimum 
ORP regi m e ,  in this case slightly below that for methane generation ( Ec values of -50 0 
to -5 2 0  mV). This research, through a series of side experi ments, also concluded that 
the measured electrode response w as the result of active bacterial metabolism ,  in this 
case on the part of the acid-formers, a diverse group of saprophytic bacterial w hich 
allegedly consist almost exclusively of obligate anaerobes (Torein, Sie bert and Hattingh, 
1 96 7 ). 

Another finding of interest in these anaerobic digester ORP studies which is not w ell known 
nor w idely applied is that digestion processes also appear to lend themselves rather easily 
and conveniently to control and optimization via the use of direct current electrolysis. 
This w ork (Dirasian et aZ., 1 96 3 ; Blanc and M olof, 1 96 9 ,  1 9 7 3 and 1 97 4 )  showed that, by 
artifically constraining the electrode potential using electrolysis, laboratory scale 
digesters could be made to perform more efficiently and w ere less susceptible to failure 
caused by shock and organic overloading. In detailed comparative studies, opti mum digester 
performance could be maintained in controlled units over extended periods w ith high organic 
loading rates which caused uncontrolled digesters to fail completely. Com mensurate 
reductions in digester retention t imes w ithout apparent losses in efficiency w ere also 
demonstrated as w as complete and rapid recovery from high volatile acid c onditions. These 
investigators (Molof and Blanc,  1 9 7 3 ) concluded that the control mechanism w as hydrogen 
ion removal by electrolysis; in effect ,  electrolytic pH control. 

In connection w ith biological nutrient re moval processes, although there have been direct 
suggestions that ORP was i mportant and potentially of use in determining the degree 
of anaerobiosis in the so-called "anaerobic" zone located at the head end of m ost successful 
biological phosphorus removal processes (Barnard, 1 9 7 6 ) , apparently no rigorous ORP 
monitoring investigations w ere ever made to follow this up. In fact ,  very little ORP data 
seems to ever have been reported in any bio-nutrient removal studies. Several early 
investigations in the United States ( Shapiro et aZ., 1 96 7; Randall, et aZ., 1 97 0 )  w hich 
attempted to identify factors which controlled observed phosphate release under 
non-aerated conditions made direct reference to ORP and provided some preli minary 
measurements. How ever, whereas Shapiro e't aZ. appeared to have recognized the potential 
importance of ORP moni toring, although they did not apparently follow this up, Randall 
and his co-workers concluded that, on the basis of their investigations, phosphate release 
was not a function of nor dependent on observed ORP levels. This study and conclusions 
reached are often quoted (eg. M arais et aZ., 1 9 8 2 )  as providing some measure of proof 
that O R P  does not play a significant role in the phenomenon of biological phosphorus 
re moval. 

RESEARC H  OBJECTIVES 

To follow up on suggestions that ORP was in some w ay instru mental and i mportant in 
defining the necessary prerequisite conditions for phosphorus release, and in the absence 
of conclusive proof to the contrary, it  was decided that investigations into ORP be 
conducted as part of, and in c onjunction w ith,  other research into biological nutrient 
re moval systems at the laboratory, pilot and full scale. 

Specifically , the objectives of this reasearch w ere to: 
1.  Ascertain w hether or not ORP probes could be used to obtain meaningful measure ments 

in biological syste ms,  especially under non-aerated conditions where no other comparable 
para meter exists; 

2 . Observe and document ORP changes under varying conditions in controlled batch 
experi mentation designed to simulate various aspects of biological nutrient removal 
processes and to evaluate these data, making comparisons with other experi mental 
observations; 
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3. Determine the suitability and evaluate the usefulness of ORP monitoring as a means 
of characterizing conditions and activity in various zones and bio-reactors w ithin 
continuous flow through nutrient removal processes and make an assessm ent of its 
potential for use as a process control parameter in these applications. 

PROCEDURES 

Development of a Suitable ORP Measure ment Method 

Before detailed ORP investigations could begin, it  was first necessary to develop, test 
and establish a suitable, reliable m ethod for m aking ORP measurements. A review of 
the literature had revealed many anomalies and inconsistencies evident in previous 
investigations introduced by the vagaries of ORP measurement in the absence of a suitable 
validated measurement method. In initial experimentation, atte mpts were made to use 
discrete samples for ORP determ inations. This turned out to be totally inappropriate, 
very unreliable , and often misleading in terms of results obtained. Sizeable and rapid 
changes in ORP were observed to occur i m mediately in discrete samples due to the unknown 
and indeterminable effects of factors such as the dynamic nature of bacterial activity 
which continued within the sample and, in the case of sludge samples from anaerobic 
environ ments, errors introduced by air entrainment during sample collection and/or 
measurement. Even w hen the latter was mini mized and controlled to the point w here 
oxygen tension effects could be safely eli minated, for example, through the use of anoxic 
sampling techniques and such procedures as the sample w ith nitrogen gas in an enclosed 
N 2 atmosphere to provide oxygen free measuring conditions , ORP measurements w ere 
not reliable or reproducible. ORP readings obtained using any of these m easurement 
techniques were usually found to be more indicative of ORP changes occuring within the 
sample than anything else and did not necessarily accurately reflect ORP conditions in 
a particular bio-reactor. ORP monitoring via the use of flow through cells was also 
investigated which seemed very promising at first ,  however, this also had to be ruled out 
due to proble ms introduced by cavitation and air entrainm ent during pumping. The only 
truly dependable and reliable method for m aking ORP m easurements was in situ monitoring. 

As for the electrodes themselves , after considerable , often unrewarding, experi mentation 
using laboratory grade and custom-built platinum wire electrodes and different reference 
half cells and remote junctions in a variety of different test methods, it  was concluded 
that the only dependable , reliable ORP probes were com m mercially available combination 
peripheric platinum ring electrodes. The purchase of commercially manufactured ORP 
probes led i m mediately to the development of a totally dependable , reliable ORP 
measure ment method. Designed for and used mainly in the chemical and chemical 
processing industries , these electrodes are rugged enough to endure repeated cleaning 
and i m mersion in all types of biological sludges without excessive fouling or probe failure. 
Their design and construction is also such that they are relatively i m m une to grow th and 
buildup of attached bio-films. The probes presently being used are manufactured in the 
U.S. by the Broadley James Corporation (Model 9 1 7 6 )  who also supply an excellent 
submersion gland asse m bly (Model 9 1 6 0 )  which provides almost complete protection from 
mobture and/or physical damage. These combination electrodes are gel filled with the 
referenre (Ag/ AgCl) being sealed during probe manufacture. Consequently , electrolyte 
replenishment OJ' replace m ent is not required during the life of the probe. The platinum 
sensor b /I one-eighth inch band located near the probe tip w ith a peripheric porous junction 
"onneeted to the J'eference half-cell located at the base of the probe to complete the 
measurement cell. 

OHP measlJI'('ments are made by si m ply connecting the probe to any high i m pedance 
volt meteJ' with H sensit ivity in the millivolt range. Modern, portable digital volt meters 
are particularly well suited to this task and are also relatively inexpensive. To facilitate 
accura t e  and convenient continuous monitoring and recording of process ORP data, a 
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set of custo m-designed, high i mpedance auto-zeroing instrumentation amplifiers w as built 
which, together w ith a commercially available multi-channel 1 2 bit analogue to digital 
converter (Intersil REMDACS - Re mote Data Acquisition and Control .§ystem) and a 
low cost single board microcomputer (Rockwell International AIM 6 5  w ith 8 K  memory 
expansion), enables continuous monitoring of ORP data on as m any as 1 0  channels 
simultaneously to a resolution of! 0 . 5  mY. Scanned channels are logged either as printed 
values on paper tape or direc tly onto audio cassette in formatted blocks in digital form 
for subsequent evaluation and analysis. Channel scan rate is user selectable up to a 
maxi mum time resolution of one minute intervals , although normally hourly values are 
sufficient. Parallel real time indication of ORP is also provided through the use of 
multi-channel digital panel meters which are also used for multi-probe ORP monitoring 
in laboratory batch experi ments. 

Duplicate ORP measure ments within a range of + 10 mY are generally indicative of 
bio-reactor (or batch test flask) bulk liquid ORP

-
conditions. Greater differences are 

normally associated with fouled or malfunctioning electrodes and thus, are not considered 
reliable . The average value of two separate ORP probe readings is normally used although, 
at times, ORP m easurements have been m ade using only one probe. In m ost monitoring 
situations , the two probe measurement method is desirable and probe readings generally 
show good agreement and, at t imes when they do not, with experience, the suspect probe 
reading is usually readily apparent which necessitates cleaning and/or replace m ent. The 
multi-probe measurement technique has been adopted and is favoured over alternative 
confirmatory techniques such as calibration or standardization measure ments using prepared 
solutions of known oxidation-reduction potential to confirm probe readings sinc e :  
( a )  it  i s  difficult to obtain and/or make stable standard reference solutions of known 

potential in the normal range of measurement interest and standardization outside 
of this range is questionable; 

(b) the poising effec t of strong chemical solutions is very different from that of the 
biological systems which are generally w eak electrolytes and, thus, results may not 
be direc tly comparable; 

(c) external probe calibration procedures do not provide any degree of assurance or 
complete confirmation of the accuracy of in situ ORP measurements. 

Duplicate measure ments circumvent these problems providing direct confirm ation of 
readings obtained. Triplicate m easurement would,  perhaps, be a sounder, more failsafe 
prac tice, however, for the purposes of this preli minary baseline investigation, it has not 
been dee med necessary. 

Probe Cleaning and Maintenance 

Probe cleaning and maintenance is accomplished s imply and conveniently by a distilled 
water rinse to remove any attached biological growth w hich seldom occurs except under 
the most adverse conditions , followed by a gentle w iping of the electrode tip and peripheric 
junction w i th a soft tissue paper. This procedure is repeated routinely at least twice per 
week under nor mal conditions or m ore frequently w hen probe fouling is indicated or 
suspected. Oc casionally it has been necessary to renew the surface of the ORP probe's 
platinu m elec trode which can be accomplished by careful cleaning and polishing with an 
abrasive cleaning compound. Isolated instances of probe junction fouling have also occurred 
which can usually be overcom e  by i m mersion of the probe for a short t ime in hot (or boiling) 
water. Excessively high temperatures can, however, shorten probe life. At no t ime in 
this study has it been necessary to resort to the harsh cleaning procedures often referred 
to by earlier researchers who suggested the use of frequent strong acid cleaning, etc. 
In fac t,  experience has shown this to be detri mental, as it  often requires an extended period 
to re-condition the elec trodes before stable , reliable readings can be obtained. 
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Other Practical Aspects of ORP Monitoring 

In continuous monitoring applications at the process level, probe response and other 
transient effects do not normally come into play by virtue of the adopted continuous 
i m mersion, in situ measurement technique.  Generally speaking, process ORP for a given 
set of operating conditions re mains relatively constant and ORP readings very stable. 
Changes which do occur either diurnally or over longer t ime periods are not excessive 
except w hen process upsets occur, for example, due to mechanical failure,  at which time 
ORP changes can be i m mediate and often substantial. Probe response factors do come 
into play, however,  and must somehow be taken into account in other m onitoring 
applications such as batch testing and investigation of process transient response w hen 
time is a variable . Even in these cases, in the absence of any gross interference from 
extraneous factors such as air entrainment, all but the most sluggish of probes is normally 
adequate to detect and equilibrate to observed changes in potential probe readings. 
Electrode response has been found to deteriorate w ith probe age. Older, sluggish and 
slow responding electrodes do not need to be discarded, however,  although their use in 
batch testing and other transient ORP monitoring situations is somewhat l imited, these 
can, and normally are, "low graded" for use only in continuous process monitoring w here 
response factors can be safely ignored due to near constant, metastable , steady-state 
redox conditions that prevail. Thus, the service life of the ORP probes is greatly extended. 
In fact ,  several of ORP probes purchased for use in this investigation have now been used 
continuously for more than two and one-half years. 

The foregoing does not mean to i m ply that there are no proble ms associated with obtaining 
reliable ORP measurements. It certainly is not as si mple as i m mersing an electrode into 
a solution and then forgetting about it.  Great care, patience and diligence must be applied 
in order to obtain reliable results. However,  as often as not, once confidence has been 
gained in making ORP measure ments , w hat appear initially to be anomalous values can 
end up being an indication of some real change in the system.  In our experience, m any 
such situations have been encountered and upon re-evaluation of these data along w ith 
repeat examination, many interesting and informative findings have been made and valuable 
insights gained into some or other intricacy of bacterial activity which m ay be 
characterizing or even governing within a given process reactor or experi ment. 
Unfortunately, all too often, the underlying principles and mechanisms are incompletely 
understood in the first place.  Thus as a "tool", ORP cannot always be faulted on the basis 
of its own li mitations. To quote from Grune and Chueh ( 1 9 5 8 )  with reference to the use 
of ORP "a tool is no better than its user and intelligent application requires a profound 
understanding of the underlying principles and the circumstances under w hich m easurements 
are made". 

RESULTS AN D DISC USSION 

Research results are now presented. Findings are presented and discussed according to 
the nature of the experi mental and monitoring programs that formed the basis of how 
these results were obtained. 

Batch Testing Experi mental Program 

As part of batch experi mentation conducted to assess and characterize conditions during 
anaerobic phosphorus release,  ORP was monitored in numerous tests w hich w ere designed 
to simulate this aspect of process sludge response under a w ide variety of different input 
and quality conditions. The range of input conditions examined included variable strength 
sewage/sludge mixtures, various levels of di fferent organic substrate additions and 
controlled nitrate and phosphorus additions. Many sludges of varying quality w ere used 
in this experi mentation, taken from pilot and full scale biological phosphorus re moval 
plants and studied under non-aerated and aerated conditions. 
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On one count,  all testing unequivocally yielded the same result. Depicted graphically 
in Figure 1 ,  this was the observation under non-aerated conditions of a distinct break 
point in the redox-time curve which occurred at the time w hen nitrates were reduced 
to zero. Interpolation of the nitrate data which w as necessary because of l imited sampling 
frequency indicated that the "knee" in the ORP curve was an indication of an instantaneous 
response in bulk liquid ORP associated w ith the end of denitrification activity. 
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The ORP value at the breakpoint was found to vary considerably as did the relative 
magnitude of observed slope change which varied from highly exaggerated di fferences 
usually associated w ith endogenous anaerobic respiration ( i .e .  no substrate addition) to 
very slight di fferences which w ere typical of situations w hen large quantities of substrate 
w ere present which produced high rates of denitrifying activity (see Figure 2 ) .  In these 
cases, the masking influence of probe response in determining instantaneous ORP levels 
Bnd ratps of c hange at the breakpoint are possible sources of interference which cannot 
tH' ('orllpletely eliminated especially in some experi ments w here ORP response was 
extremely rapid . 

In all cases, however, the observed breakpoint phenomenon was quite clearly associated 
with complete nitrate disappearance which under "normal" conditions of sewage, sludge 
'·ombinations and substrate additions typical of process organic loadings coincided w ith 
the onset of P release (see F igure 1 ) . Clearly, then ORP is in some way associated with 
thp pr·esence (or absence) of nitrates which gives some credence to the original hypotheses 
of Barnard (1976). The exact level of ORP at this point, which is thus an excellent indicator 
of the end of anaerobiC' respiration, is not always the same.  Experimental observations 
m·e scattered over a range of O R P  values, typically between -4 0 to -1 4 0  mV (referenced 
to Ag/ Agel) but, on occasion, breakpoint values are seen to be outside of this range. 
Interfering effec ts such as the entrainment of air during sampling (note blip in the lower 
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ORP curve in F igure 2) and unknown effects such as the influence of substrate addition 
on ORP and subsequent oxidation in batch testing, coupled w ith the indeterm inable effects 
of lag in ORP probe response have made it i m possible to determine this value more 
precisely, i f  indeed it can be. It is noted, however, that when tests are made with return 
sludge/sewage mixtures that are typical of normal process conditions, values generally 
fall in the middle of the range. 
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Preli minary attempts have been made to rationalize these observed redox values according 
to electrochemical equilibrium theory. Using data presented by Bejaoui (1977), m easured 
ORP values appear to fall in the region on ORP-pH plots for nitrogen species w here the 
predom inant nitrogen form is N2. Equilibrium theory predicts that for the pH and 
temperature conditions in this investigation, nitrite nitrogen should disappear and no longer 
be present below about -70 mV (Ag/AgCI reference),  having given w ay to +1 and 0 valence 
forms,  N20(g) and N2(g), respectively. Thus, based on a cursory evaluation, there appears 
to be reasonably good agreement between experi mental observations and theoretical values. 
In the course of examining other ORP versus time data as are contained, for example , 
in Bejaoui (1977), it is evident that others ,  including Eckenfe lder (1951) and an even earlier 
reference provided by Hewitt (1950), have previously been aware of the existence of this 
phenomenon, however, not in connection with biological nutrient removal systems w here 
it has i m portant implications. 

After repeating and reproducing the breakpoint phenomenon many ti mes to provide 
assurance of its validity and gain confidence that it did, in fact ,  signify the complete 
disappearance of nitrates, this finding was used as the basis for a pre-conditioning procedure 
in another set of batch test experi ments designed to study denitri fication. The objective 
was to provide a rational method for controlling conditions at the start of the experi ment 
by establishing and verifying that the required nitrate free conditions had been attained. 
By ensuring that all residual nitrates had been removed in the absence of an exogenous 
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carbon source ,  controlled combinations of nitrate (in the form of sodium nitrate) and carbon 
(in the form of sodium acetate) could be added to determine denitrification rates and 
other activity. In itself, a very useful procedure, it was in preparing for this set of 
experi m ents that another prominent ORP feature w as discovered in the pre-conditioning 
of sludge taken from the aerobic zone. This w as the presence of a second "knee" , or 
breakpoint in the ORP-time curve , in this case, associated w ith the disappearance of 
dissolved oxygen. 
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Fig. 3 . ORP-time curve depicting typical dissolved oxygen "knee" 

70 

Again, repeated experi mentation has confirmed the existence of this phenomenon and 
validated the fact  that the ti ming of its occurrence coincides perfectly with the end of 
aerobic activity as indicated by the complete depletion of dissolved oxygen. As with the 
previous findings , the value of ORP at this point is apparently not precisely defined and 
has been found to vary considerably .  Typically , it  occurs in the range of +100 to +200 
mV and would see m ,  at least in part, to be dependent on prevailing conditions in the aeration 
basin at the time the tests are conducted, especially DO concentration. This second 
breakpoint delineates the point at which aerobic respiratory activity ceases and anaerobic 
respiration begins. The N03 "knee" provides a means for determining the end point of 
anaerobic respiration and the onset of non-respiratory processes such as ferm entation, 
(Le. processes w here electron acceptors other than oxygen become i m portant). Thus, 
a mettKxl for categorizing bacterial activity at least in batch tests, according to the nature 
of operative metabolic pathways had been discovered. 

These defined breakpoints in the ORP-ti m e  curves and an appreciation of their meaning 
have been of great value and importance in experi mental work. They have also been useful 
in helping to understand and make sense out of the large and SUbstantial data base gathered 
during our nutrient re moval investigations. This data base has provided careful 
documentation of a large number of observations among w hich are som e  that w ould not 
appear to have been previously reported. Among these w hich w ill subsequently be reported 
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on elsew here, of note, and worth mentioning here since they pertain directly to the nature 
of bacterial metabolism which can now be more easily discerned and categorized through 
the use of ORP measure ments, is the observation that biological phosphorus uptake appears 
to be associated w ith respiratory activity, regardless of w hether i t  is aerobic ( 02 as electron 
acceptor) or anaerobic respiration ( N 03 as elec tron acceptor). Although a direct comparison 
of the relative rates of P uptake for aerobic versus anaerobic respiratory conditions has 
not yet been made, i t  would appear that they may, in fact,  be directly comparable , or 
at least of the same order. This is illustrated in F igure 4 which shows nitrate induced 
P upate. Aerobic uptake data has not been included. 
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In this experi ment carbon w as added in the form of sodium acetate. This compound and 
other short chain volatile fatty acids such as propionic and butyric acid have been found 
to be very closely linked to and associated with the release of phosphorus under anaerobic 
conditions, disappearing rapidly fro m solution at rates which are inversely proportional 
to P release (unpublished data). It has been alleged (Nicholls and Osborn, 1979) that these 
compounds can be stored by bacteria in the form of poly-hydroxybutyrate ( P HB) within 
the active frac tion of the sludge biomass, although this has not yet been conclusively 
proved. Other recently published data ( Fukase et aZ. , 198 3;  Siel:ritz et aZ, 198 3) also present 
evidence which supports this hypothesis. 

With further reference to Figure 4 ,  increased denitrification rates are associated with 
the higher carbon additions in both the first and second phases of deni ti fication. In the 
second phase, substantial P uptake occurred during anaerobic respiration with P release 
beginning more or less i m mediately after nitrate depletion at rates which are compar a ble 
to the control (no carbon addition). The ORP data collected during these experi ments 
show previously mentioned trends and also another breakpoint in the ORP-time curve 
that coincides w ith the end of denitrifying activity utilizing stored carbon. The ORP 
level at which these changes occur is -1 6 0  �5 m V  i n  all three experi ments. 

Continuous Process Monitoring 

Routine ORP m onitoring has been an integral part of laboratory and pilot scale nutrient 
removal studies since 1 98 1 .  Much data has been collected during these investigations 
which have tested and evaluated many different process configurations and operating 
modes and included the use of "preferred" carbon substrates to "trigger" successful 
biological phosphorus removal. Since 1 98 2 ,  external carbon additions in the form of sodium 
acetate have formed an i m portant part of continuous, flow through process 
experi mentation which has led to the development of a s implified biological removal process 
(Figure 5). The incorporated use of preferred carbon substrates, added in varying quantities 
and at various points in the process to determine mini mum "threshold" requirements, has 
had an additional advantage in that successful phosphorus removal is easily achieved and 
maintained, thus enabling extended study of many facets of process performance, including 
their relationship to ORP. Not all of these data can be presented w ithin the li mitations 
of the scope of this paper, however,  most w ill be reported on subsequently , elsew here. 

The follow ing discussion presents selected ORP monitoring results using data taken mainly 
from the 1 98 3 -8 4 operating period which has been chosen to illustrate and highlight the 
findings. ORP data w ill be presented and discussed separately for each of the various 
process zones. Before proceeding, however,  some clarification is necessary regarding 
the nomenclature used to describe these process zones which may be different from names 
used in other studies. As well, some ideas are offered in an attempt to provide a rational, 
improved, comparative fra mework w ithi n which ORP (and other) monitoring results can 
be reviewed and discussed. At the same time,  this w ill hopefully help identify and clarify 
some of the many subtleties that exist in biological nutrient removal processes. Many 
confusing, often inter-related, phenom ena are occurring and we can begin to identify 
and discern a mong them through the use of ORP monitoring. 

Firstly, with regard to nomenclature, our research has since its outset attempted to separate 
the so-called "anaerobic"  zone into two major components, a sludge "conditioning" zone 
and a truly anaerobic zone, in effect,  a two cell, plug flow syste m .  In the sludge conditioner 
denitrification and other "conditioning" of the return sludge takes place in, prior to, and 
separate from ,  the second phase of anaerobic activi ty, which includes in this investigation, 
the addition and incorporation of soluble , readily utilizable organics in the form of VFA's 
and other fermentation by-products,  added to the process and known to be closely associated 
with phosphorus release. By splitting thiz zone it has been possible to more clearly identify 
and distinguish the various factors controlling the phosphorus release phase of successful 
P removal processes and also determine mini mum substrate requirements needed to trigger 
enhanced phosphorus re moval. 
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Secondly , with regard to the establishment of an i mproved general framework to present 
and review process monitoring results, including ORP, within any biological nutrient removal 
process there are at least seven separate and clearly distinguishable biologically mediated 
reactions or activities taking place that involve C ,  N, P and O. These may take place 
simultaneously or concurrently and are l isted in Table 1 along with the com mon names 
given to the various bio-reactors or process zones in which each is known to take place. 

TAB L E  1 Bacterial Activity in Biological Nutrient Re moval Processes 

May Take Place in 
Bio-Reactor Commonly General Nature of 

Specific Bio-Activity Referred to as : Bacterial Metabolis m Specifics 

Nitrification Aerobic Zone Respiration Aerobic 
Denitrification Anoxic and/or Anaerobic Respiration Anaerobic 

Zones 
Phosphorus Uptake Aerobic and/or Anoxic Respiration Aerobic and 

Zones Anaerobic 
Soluble Carbon Anaerobic Zone N on-respira tory Unknown 
Uptake 
Carbon Oxidation Aerobic and/or Anoxic Respiration Aerobic and 

Zones Anaerobic 
Fermentation Anaerobic or Fermenta- Fermentative Fatty acid 

tion Zones and/or Sludge Oxidation 
Thickener or Digester 
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Since at least four out of these seven activities take place in more than one process zone, 
depending on process configuration and/or operating conditions, there exists a need for 
further refine ment in classification of these activities. In this s implified view , this can 
be accomplished by including a general description of the nature of bacterial m etabolism ,  
sub-classfied w hen and w here known,  according t o  specific metabolic pathways in terms 
of electron transport activity, i.e. respiratory ,  non-respiratory and fer mentative activity 
(see Table 1). Respiration implies the use of oxygen as the final electron acceptor and 
can be further categorized according to aerobic respiration ( 02 as electron acceptor) 
and anaerobic respiration (N 03 or other combined oxygen form as electron acceptor). 
Fermentation implies the transferrance of electrons between various organic compounds 
with the end result normally being the production of short chain carbon com pounds such 
as volatile fatty acids (VFA's). Non-respiratory conditions may or may not be fermentative. 
Thus, a new approach and a new set of terms can be incorporated to better identify which 
of the various reactions or activities are being referred to that take place in a specific 
process bio-reactor at a given point in t ime. 

ORP in the sludge conditioning zone. In this zone, ORP is highly variable ranging from 
-50 to -250 mV and w ould seem to depend pri marily on the m ass of nitrates entering 
via the return sludge and the degree of denitrification w hich is in turn dependent on influent 
waste organic strength. A scatter diagram showing N 03-N data plotted against ORP 
for  over one year's operating data  is shown in Figure 6 . 
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Fig. 6 Scatter plot of sludge conditioner nitrate vs. ORP data 

When return sludge nitrate levels are low and/or there is sufficient ti me and carbon 
substrate available to effect complete denitrification w ithin this zone,  O R P  is seen to 
fall in the middle to low side of this range , being typically between -1 0 0  and -2 5 0  mY. 
Phosphorus release may or may not occur under these conditions. When denitrification 
activity is incomplete with the confines of the zone , residual nitrate concentrations re main 
which are usually associated w ith higher ORP values in the range of -5 0 to -1 2 5  mY. Under 
these conditions phosphorus release seldo m ,  if  ever, occurs as has been noted by other 
investigators (Barnard, 1 976; Nicholls and Osborn, 1 979) due to v iolation of the so-called 
"zero-nitrate" condition. What is most interesting, however, is that these data provide 
a semi-quantifiable measure of this condition as was originally suggested by Barnard (1976 ) 
- although in contrast to his view at the time,  this does not guarantee nor is it necessarily 
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associated w ith P release. In fac t,  at times m easured O R P  has been as low as -3 5 0  mY 
w ithout resulting in any observed P release w hereas on other occasions good P release 
has been observed with O R P  values in the range of -15 0 to -175 mY. Thus, O R P  per se 
is not necessarily a good indicator of P release in this zone. It does appear from these 
data, however, (see Figure 6) to be a relatively good indicator of the presence of nitrates 
and, in general terms, is related to nitrate concentration. Higher ( i .e .  less negative) ORP 
values are  in almost every case  associated w ith non-zero nitrate concentrations and a 
general trend is evident in the data which suggests that O R P  levels decrease slightly as 
nitrate levels increase. The rather w ide scatter and skewed nature of the data points 
especially for low nitrate concentrations, precludes any serious attempts at regression. 
However, if  one were to make an assu m ption that all m easured nitrate concentrations 
with an indicated value of less than 0 . 3 mg/L were essentially zero, as is often done w ith 
nitrate values in this range due to analytical inaccuracies and errors introduced by sampling, 
an i mproved general trend relating ni trate and O R P  data becomes evident. Although 
this has not been done for reasons w hich w ill becom e  evident subsequently , visualizing 
the best fit straight line through the remaining non-zero nitrate data w ould see the 
regression line cross the axis in the vicinity of -10 0 mY. 

ORP in the anaerobic zone. As w ould be expected, m easured ORP is always lower  in this 
zone,  an indication of the intensified anaerobic ac tivity . On average, ORP levels are 
25 to 7 5  mY lower than in the sludge conditioner, making the normal range of ORP values 
in this zone -1 2 5  to -2 7 5  mY. In this case O R P  appears to be related to m easured phosphate 
concentration as is indicated by the good fit of the regression equation shown in Figure 
7 .  
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Fig. 7 Linear regression of ORP and phosphate data - anaerobic zone 

Plotted data represent about five months' continuous operation of a si m plified process 
w here fermented pri mary sludge of highly variable YF A content w as added directly to 
the anaerobic zone. These rather unexpected results cannot be explained and it is not 
known whether the indicated correlation represents the effects of phosphorus ions in 
solution, or is related to a set of secondary factors such as the magnitude and compa;.ition 
of fermented substrate additions. Rigorous multiple regression analysis of these data 
have not yet been completed. The data do suggest, however, that a strong correlation 
exists betw een ORP and observed P release and, regardless of whether it  is a direct causal 
relationship or s imply a reflection of some or other indirect although related phenomenon 
such as substrate addition and/or carbon storage which w ill require further study, it is 
a very useful finding. In particular, it can be used to good advantage at the operational 
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level to give plant operators a real t ime indication of P release conditions in this process 
zone. Although the observed simple relationship and indicated regression does not appear 
to be universal in the sense that different process configurations and operating conditions 
give rise to very different regression equations, (see discussion and data presented in 
"Transient Response Testing Section") the intriguing, far reaching i m plications and potential 
i m portance of this finding is not to be denied. 

ORP conditions in the anoxic zone. Observed O R P  values in this zone are variable but 
w ould again seem to depend mainly on nitrate residual concentrations , reflecting the general 
trend which was referred to previously. Figure 8 presents two months' operating data 
for an anoxi c bio-reactor. 

During this set of studies, internal recycle flows were deliberately maintained at a high 
level in order to overload the zone with nitrates to utilize the full denitrification potential 
and ensure that nitrate removal was opti mal. A good correlation is indicated which suggests 
that O R P  monitoring can be used as an indicator of nitrate residual in this zone and also 
can be used to control internal nitrate recycle flow rates in order to fully utilize the 
denitrification capacity of this zone . Thus, a rational and novel basis for opti mizing nitrate 
removal has been postulated using O R P .  Although it  is noted that the O RP-N 0 3 data 
set is relatively small, a statistically significant regression of these data is indicated. 
The strength of the regression can be improved considerably with the exclusion of one 
somewhat extraneous data point (see Figure 8 )  which did, in fact ,  represent conditions 
during a mild plant upset. The coefficient of determination (r2 ) increases significantly 
from 0 . 6 8  to 0 . 9 1 .  Coefficients in the regression equations do not change appreciably . 

Suspect  Data Point  Alsaciated __________ w i t h  Process U pset � 
A N O X I C Z O N E  
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r 2 = 0. 914 

x 

- 1 5 0  - 1 0 0  - 50 

O R P ( m V )  

2 . 0  

o 

.. 
o 
z 

+ 50 +1 0 0  

F i g .  8 Linear regression of ORP and nitrate data - anoxic zone 

The i m plication of this relationship is that ORP can be used as a unique and effective 
means of monitoring and controlling process nitrate re moval. Opti mum nitrate re moval 
w ill be achieved w hen the full denitrification potential of this bio-reactor is utilized. 
An ORP control point in the order of -l O O mV w ould appear to define this condition and 
provide a slight nitrate residual, thereby ensuring removal is optimal. Continuous ORP 
monitoring could provide the  basis for  fully automated control. ORP control of internal 
recycle flows has not yet been studied in any great detail since presently the pilot plant 
is not equipped to provide real t ime flow control. A new research facility is currently 
under construction which w ill be designed for and suitably equipped with the necessary 
real t ime O R P  monitoring and control equipment. With the completion of the new pilot 
scale facilities, refine ments and further development strategies based on O R P  monitoring 
for automated process control w ill be investigated for providing opt imized nitrate re moval. 
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Preliminary assess ments suggest that a fine degree of control is attainable and, further, 
that this concept w ill lend itself easily to control in situations w here process nitrogen 
and carbon loadings are highly variable. 

O RP conditions in the aerobic zone.  Redox potential monitoring in the aerobic zone did 
not for m an i m portant part of this investigation. Incidental values obtained indicated 
a moderate to high positive value (+60  to + 2 0 0  m Y) and appeared to depend in an unknown 
way on dissolved oxygen concentration and other factors , none of w hich were assessed 
during this study. Other investigations (Burbank, 1 9 8 1 )  have suggested that mini mum 
O RP necessary to maintain viable aerobic sludge is in the order of +40 to +50 m Y. 

Transient Response Testing 
In early 1 9 8 3 ,  prior to a scheduled plant maintenance shutdown,  an interesting set of 
experi ments was conducted which involved making changes in substrate addition to 
ascertain process transient response. Acetate additions w ere removed from one side of 
the pilot plant w here a successful s implified P removal process dubbed the " UBC Process" 
had been operating and switched to the other side of the plant w here the UCT configuration 
was being operated with only marginal success. After about two w eeks,  acetate additions 
were stopped to deliberately cause failure. This experi ment,  designed pri marily to test 
our hypotheses regarding the length of t ime required for successful process start up and 

failure yielded some interesting ORP monitoring results (Figures 9 and 1 0 ).  

I m m ediately after the beginnings of this test (Day 0 indicated as ( 1 )  in figures) preli minary 
indications of failure are evident in the "UBC" process w hich failed completely within 
4 days. The UCT process , on the other hand, with the exception of some apparently 
anomalous data collected on Day 1 ,  began to function successfully w ithin 5 days after 
which all phosphorus was completely removed. The O RP data, plotted along with N 03 
data in Figure 9 ,  reveals the im mediacy of process changes w ith remarkable clarity and, 
upon further assessment, in a most interesting fashion. Changes in measured ORP in excess 
of 1 5 0  mY in the anaerobic zone are evident in the UBC data w ith commensurate, although 
not nearly as large a change in the sludge conditioning reactor. Likewise, the UCT data 
indicate a si m ilar although reverse trend which is most predominant in the anoxic zone 
which incidentally was not being controlled in these experiments and exhibited a rather 
large release of P associated w ith excess denitrification capacity as a result of C OD 
increases due to acetate addition. When acetate feeding was stopped on Day 1 3 , an 
i m m ediate reversal of this trend is indicated,  most notably in the anaerobic zone. Anoxic 
ORP levels remained low and, as indicated by effluent phosphorus data (see Figure 1 0 ) ,  
the  UCT process d id  not  fail i m m ediately. In  fact ,  successful enhanced P removal was 
maintained for over two weeks. 

Regression of ORP and phosphorus data, collected in these experi ments shows an excellent 
correlation w i th r2 values being over 0 . 9 0  except for the UCT anaerobic zone (see Figure 
11 ). Although based on a small sa mple , i t  appears that, in response to sudden c hanges, 
in th is  case w aste input conditions which affected each process in a different way, there 
appear:; to be a very high level of statistical significance attached to the inter-relationship 
be t w een these t w o  variables. As was previously discussed, how ever, this is not always 
true for regressi ons of these sa me variables made using data collected over other operating 
periods .  Si milar,  highly significant phosphorus-ORP c orrelations have been derived using 
data  from full scale process investigations during short term transient tests (data not 
included) . In a s imilar manner these data indicated less significant correlations over longer 
t ime periods. No reason can be offered to explain this other than to surm ise that not 
all the relevant variables have been adequately accounted for. It is conceivable that other 
fac tors govern ing ORP response changes come into play , a most obvious and important 
one being sludge phosphorus content. It is noted that throughout the transient response 
study , sludge total phosphorus concentration remained relatively constant at above two 
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Fig.  9 Nitr'lte para meters and ORP during transient response study 

percent based on cell dry weight in the aerobic zone of the UCT Process and was slightly 
higher in the UBC Process. In other attempts made to establish O R P  vs. phosphate 
correlations , phosphorus content of the sludge has often been seen to vary widely. Multiple 
regression analyses have not yet been made. In future investigations, additional factors 
w ill be included along with a more com prehensive statistical data assess ment in the context 
of a "modelling" framework which w ill enable a more complete evaluation of the 
significance and extent of indicated correlations. 

Downloaded from https://iwaponline.com/wst/article-pdf/17/11-12/259/96762/259.pdf
by guest
on 04 July 2020



-;;; � '" 

Oxidation-reduction potential 

i 
20 

- U B C  � ...J 6 I-c)---o--=.;o.=..-Q 
0 0.. � �1 2 
iii ..; 0 , 8  II:: '" W E � - 4 « 

U C T  

oL-----------��------------�--�-------

4 

� � 3  W .. ::> 0 
� ::: 2 
.... '" 
w � 1 

- 5 

-- ORT H O - P04 
-- - % P IN SLUDGE 

- -- - - - -

o 5 1 0  
T I M E  ( in Days a f t e r  S l a r l  Te sl l 

Fig_ 10 Phosphorus parameters during transient response study 

277 

Downloaded from https://iwaponline.com/wst/article-pdf/17/11-12/259/96762/259.pdf
by guest
on 04 July 2020



27 8 F.A. KOCH and W.K. OLDHAM 

\ 
\ 

( A l  u e c  PROC ESS 
• U B C  SLCO 
o UBC A N A E R  

" '0 
" � 

" \ . . 
'" 

• \ SLUOGE CONOI T I O N E R  " � P04 - - 0. 140 [ORP]- 10.77 

A \ ,Z- 0. 9 0  

A N A E R O B I C  ZON E  
� '" \ 

P04 - - 0 . 0931 [O R P ] - 7. 43 " \ 

-300 

,z . 0.917 '- �. o O'-�� 

\ 0 
\ 

o 

- 2 0 0  - 1 0 0 
Meosu,ed  O R P  ( m V  1 

( e l  U C T  P R O C E S S  
• U C T  A N O X I C  
o U C T  A N A E R O B I C  

\"'� 
� "  . 

\ 0 " A N O X I C  Z O N E  
o 0 \ 0 � p04 ' - 0. 042 S [ORP]- 2 . 04 2  

� , 2 ' 0. 9 0 0  

A N A E R O B IC Z O N E  �"\ 
0 

• �"'-
P O  ' - 0 . OBOS [ORP]-1I .3 I S  \ --.. � 

, z ' 0 . 699 0\ ... 
- 30 0  - 2 0 0  - 1 0 0  

M e o s u re d  ORP ( m V l  

I S  
16 
14 � ... 
12 ! c 0 10 ::: 

e 
S e  .. u 
6 g 

u 
4 .. 

0 
2 c.. 

0 
0 

1 0  
9 
8 ..J "-... 7 E 
6 c 

� 
5 � c .. 4 u c 0 
3 u 

.. 
2 0 c.. 

0 
0 

Fig.  11 Linear regression of ORP and phosphate data - transient response testing 

SU M M A R Y  AND C O N C LUDING R E M A R K S  

B y  these investigations , ORP probes have been found t o  b e  very useful a s  a monitor of 
biological systems. After the development of a suitable measurement method, 
measure m ents w ere found to be reliable and easy to make. ORP has been applied 
successfully as a monitoring tool in a vari ety of applications in biological nutrient re moval 
syst ems yielding encouraging results, especially in non-aerated bio-reactors. 

In both laboratory scale experi mentation and at the operational level in flow through pilot 
processes, O R P  moni toring has proved to be an invaluable aid in helping to determine 
the nature of bacterial activity and transitions that occur. During laboratory batch 
experi ments,  a breakpoint or "knee" detected in the redox-t ime curve was found to coincide 
w i t h  the end of denitrification activity signifying the onset of the so-called "zero nitrate" 
condition. A lthough the t im ing of the disappearance of ni trates in batch testing is 
determ ined precisely and is exact enough to have been incorporated as a routine 
pre-conditioning procedure in subsequent batch experi mentation, the ORP value at the 
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breakpoint is not always precisely defined. A ffected by such things as probe condition 
and response t ime,  the range of readings obtained, however, is narrow enough to be useful 
and is found to be in reasonably good agree ment with theoretically predicted values based 
on calculated values from nitrogen equilibrium chemistry. 

A second breakpoint in the O RP-time curve was also discovered during batch testing 
indicating the end of aerobic activity. This provides the potential for futher categorization 
of bac terial activity, at least in batch testing to distinguish between aerobic and anaerobic 
respiration. 

An important implication of these findings is that ORP data appear to provide a means 
for identifying and determining bacterial activity and is of particular i m portance in 
anaerobic environments since the denitrification and phosphorus release phases can be 
separated. Phosphorus release does not normally occur under anaerobic respiratory 
conditions, which,  in fact ,  result in P uptake. Phosphorus release occurs only under 
non-respiratory conditions which m ay or may not be fermentative. 

At  the process level, ORP was found to be correlated with non-zero nitrate concentrations 
in the anoxic zone. Thus, the use of O R P  as a process control parameter for nitrate removal 
is proposed. Although rigorous testing of this control strategy has not yet been conducted, 
control of internal recycle flows based on continuous ORP monitoring is  suggested. This 
provides a rational real time basis for fully automating recycle flow control and thereby 
providing optimum nitrogen re moval. 

Redox conditions per se are not the primary factor controlling phosphorus release. However, 
in continuous process monitoring, i t  was discovered that, at times, a definite relationship 
exists between measured ORP and observed phosphorus release in the "anaerobic" zone. 
These results cannot yet be fully rationalized or explained and are not always dependable. 
Whereas at ti mes good correlation between O R P  and phosphorus is indicated, especially 
over the short term, such as during transient process response testing and during selected 
operating periods when re moval processes are functioning intermittently, there does not 
appear to be any universal or completely consistent pattern evident w hen comparing data 
from one process to another or even w hen comparing data from operating periods using 
the same basic process configuration. This ambiguity suggests that there m ay be additional 
vari ables that enter into the relationships that are not being adequately accounted for 
in s imple regression analysis,  most i mportantly, the phosphorus content of the sludge and 
associ ated incorporation of stored carbon. It may also be that O R P  observations are related 
more to the disappearance of the so-called "readily utilizable organics" than they are 
to P release. This view suggests that the phosphorus release is, in fact ,  a secondary factor 
in the biological phosphorus re moval phenomenon. 

Although the indicated relationship between redox conditions and P release is not always 
consistent or exact ,  this trend is very useful at the operational level in that it provides 
a general indication of plant and process performance ,  in particular the state of conditions 
in the anaerobi c ,  P release zones. It can also provide a real t ime indication of pending 
process upset .  

F inally , w i th the dawning of the computer age and the widespread use of computerized, 
autom ated control in almost every technology and process on earth, surely the field of 
sew age treat m ent cannot be far behind. Many new plants presently being designed or 
recently com m issioned already have automated process control in terms of such things 
as DO and, in some cases, SRT control. It will not be surprising to find that, in future, 
ORP w i ll become a sensor of unsurpassable value in process automated control applications. 
More research is  needed, to be sure. However, the potential of the ORP probe is not to 
be underest i m ated. 

J W S T  1 7 :  1 1 / 1 2-S 
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