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SYNOPSIS 

Filamentous bulking and its associated poor sludge settleability is a considerable problem in 

South African activated sludge plants, as indicated by the two surveys undertaken on these plants 

in 1985 and 1988 (Blackbeard et al., 1986, 1988). Amelioration of this problem would enable 

a greater daily flow and load of wastewater to be treated by the·se plants. 

From the surveys it is apparent that bulking in long sludge age activated sludge plants is mainly 

due to the proliferation of the group of so-called low F/M filaments (as classified by Jenkins et 

al., 1984). In the course of a 4-year research program investigating specific bulking control 

methods, Gabb et al. (1989) concluded that the selector effect, which was proposed as a method 

for controlling low F/M filament bulking, was ineffective. This research also indicated that in 

fully aerobic systems low F/M bulking was ameliorated, but in intermittently aerated anoxic­

aerobic systems low F/M filament bulking was promoted. 

The research presented in this thesis forms part of a follow-up bulking research program into 

low F/M bulking which led to the form ulation of a bulking hypothesis by Casey et al. (1992b) 

and focuses on the effect of different anoxic-aerobic conditions and their effect on the 

concentration of nitrate and nitrite entering the aerobic zone/reactor in single intermittently 
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aerated and multi -reactor nitrification-denitrification systems. 

The experimental set-up consisted of a nitrification-denitrification system operated at 15 days 

sludge age and 20°C which was fed real municipal wastewater, the configuration of which was 

changed during the 472 day investigation as follows: 

(i) An intermittently aerated single reactor anoxic-aerobic system (day 1 to 83 - low ammonium 

dosing to influent day 1-65; high ammonium dosing, day 66-83) 

(ii) A 2-reactor anoxic-aerobic system 

(iii) A modified 2-reactor anoxic-aerobic system (with a 2-reactor anoxic-aerobic system run in 

parallel as a control)(day 254-472) - see Table S.1 

The system was initially started up as a single reactor intermittantly aerated system having 3 

aeration cycles per day. After this system had been operated for 52 days, an ammonia 

supplement was added to the feed in order to increase influent TKN concentration. This 

increased TKN concentration would result in higher concentrations of nitrate and nitrite being 

generated in the system; - the effect of this increased nitrate and nitrite concentration on low 

F/M filament proliferation, and its influence on the sludge settleability (DSVI) could thus be 

observed. Because, in terms of Casey' s bulking hypothesis, the proliferation of low F/M 

filaments is influenced by concentrations of nitrate and nitrite entering the aerobic phase, 

measurements of effluent nitrate and nitrite concentrations would not be indicative of these initial 

aerobic concentrations as they are a composite of aerobic and anoxic phase values. In order to 
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Table S.1 Experimental system operation 

Period System Operation Day 

1 SRIA No NH4 + dosing 1 - 65 
2 SRIA NH4 +dosing 66 - 83 

1 2RND NH4 + dosing, recycle 3: 1 84 -146 
2 2RND NH4 + dosing removed,recycle 3: 1 147-205 
3 2RND Recycle 1: 1 206-254 

1 M2RND Auxiliary reactor added 254-472 
2 M2RND Auxiliary reactor 254-472 
3 M2RND Auxiliary reactor 254-472 
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observe the behaviour of the nitrate and nitrite concentrations entering the aerobic zone, two 

nitrate/nitrite concentration and redox potential profile tesis were done on two different 

occasions. The first of these tests was carried out on a sludge of improving quality (decreasing 

DSVI), and the second was carried out on a sludge of deteriorating quality (increasing DSVI). 

These tests showed that in the case of sludge having improving settleability, the nitrate and 

nitrite concentrations entering the the aerobic phase were significantly lower than those entering 

the aerobic phase in the case of the sludge having a deteriorating settleability. From the results 

of these tests a link between nitrate and nitrite concentration entering the aerobic phase, and the 

tendency of the sludge to bulk due to low F/M proliferation was established. 

Due to the difficulties of measuring and controlling nitrate and nitrite concentrations entering the 

aerobic phase in the single intermittantly aerated reactor, the system was converted to a 2-reactor 

anoxic-aerobic system, having the same operating parameters. To ensure that complete 

denitrification did not take place, the ammonium feed supplement was continued. Anoxic nitrate 

and nitrite concentrations thus remained relatively high ( > 0.5 mgN02-N/l), as did the DSVI 

(210 ml/g). The ammonium supplement was then removed from the system to lower the influent 

TKN concentration, so that the effects of the resultant lower nitrate and nitrite concentrations 

on low F/M filament proliferation could be observed. A decrease in anoxic reactor nitrate and 

nitrite concentration and a corresponding decrease in the DSVI (from + 300 ml/g to ± 200 

ml/g) was observed. A further decrease in DSVI (to 150 ml/g) was effected by reduction of the 

inter-reactor recycle ratio, which further reduced the nitrate/nitrite load on the anoxic reactor. 
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In an attempt to achieve complete denitrification before entering the aerobic zone, the system 

was modified by the addition of a small auxiliary anoxic reactor located before the aerobic 

reactor. This reactor received 10% of the daily influent feed directly via a bypass to provide the 

COD needed to facilitate denitrification. This modification resulted in an initial decline in the 

DSVI (from 300 ml/g to 190 ml/g) and subsequent fluctuations in DSVI in the modified system 

followed corresponding variations in the anoxic reactor nitrate and nitrite concentrations quite 

closely. An identical two-reactor anoxic-aerobic system without the auxiliary anoxic reactor was 

run in parrallel to the modified system from day 383 to act as a control. 

The above investigation seemed to indicate that nitrite and nitrate concentrations exceeding 0.5 

mg NOrN/l and 0.5 mg N02-N/l entering the aerobic reactor of anoxic/aerobic systems leads 

to the proliferation of low F/M filaments and elevated DSVIs. A statistical analysis of the anoxic 

nitrate and nitrite concentrations and DSVI for the 2-reactor and modified 2-reactor systems 

indicated a degree of statistical correlation between these parameters. 

The work done on the above systems, led to the development of the bulking hypothesis, as 

proposed by Casey er al. (1992b). This hypothesis is based on the assumption that floe forming 

organisms in the activated sludge are inhibited in the aerobic zone by denitrification 

intermediates accumulated during the preceding anoxic conditions, while low F/M filaments do 

not suffer from the inhibition effect in the aerobic zone, and are thus able to proliferate at the 

expense of the floe formers. 
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CHAPTER 1 

INTRODUCTION 

Bulking caused by the proliferation of filamentous organisms presents a considerable problem 

to the efficient operation of nutrient removal activated sludge plants in South Africa (Blackbeard 

er al., 1988). This filamentous bulking is caused by excessive growth of filamentous organisms 

in the activated sludge, resulting in a change in floe structure; ie sludge floes adopt a diffuse or 

bridged structure. The floes are thus prevented from approaching each other closely, and the 

sludge does not settle fast or compact well , resulting in a greater volume of sludge per unit mass 

(ml /g) in the secondary settling tank , from which the term bulking originates. Bulking sludges 

can be described in terms of the SVI (Sl udge Volume Index) or DSYI (Dilute Sludge Volume 

Index) as generally having a SVI between 100 and 200 ml /g or a DSVI of greater than 150 ml /g. 

The settleability of the activated sludge is adversely affected by filamentous bulking , making the 

sludge settle more slowly and compact less well as the filaments proliferate, resulting in DSVI's 

in excess of 200 ml/g . Because sludge settleability governs the flow and load a particular plant 

can successfully treat , controlling the proliferation of filamentous organisms and keeping the 

DSVI of the sludge at relatively low val ues ( < 100 ml/g) would permit significantly higher 
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flows (50% - 100%) to be treated in existing plants resulting in huge capital savings. The 

possibility of achieving these huge savings by controlling bulking is the principal motive 

behind the research into the causes and control of filament bulking. 

From surveys of different full scale activated sludge plants, Jenkins et al., (1984), grouped 

the different filamentous organisms causing filamentous bulking according to the conditions 

under which they appeared to proliferate. The following 5 general categories were identified 

ie (i) low D.O. (dissolved oxygen) , (ii) nutrient deficiency , (iii) low F/M (food to 

microorganism ratio), (iv) septic wastewater and (v) low pH. The filament species classified 

by Jenkins et al. into the low F/M group are inrer alia: 0092, Microrhrix parvicella, 0041, 

0581 , 0961, 0803 and 0675. Most sl udge bulking problems in nutrient removal activated 

sludge plants in South Africa are caused by filaments belonging to this group. 

Various methods have been proposed to ameliorate low F/M filament bulking problems. 

These methods included intermittent feeding, plug flow conditions , or completely mixed 

systems including selector reactors. These proposed operating procedures were based on the 

so-called selector effect. It was hypothesised in the literature that these operating conditions 

would induce a selector effect in the sludge, whereby floe forming organisms would be able 

to develop a high readily biodegradable COD (RBCOD) utilisation rate enabling them to 

successfully compete for soluble substrate against the low F/M filamentous organisms. 

From a laboratory investigation, Gabb er al. ( l 989a, 1991) found that the selector effect was 

not effective for controlling low F/M filament bulking. However it was found in the 

investigation that intermittently aerated and multi-reactor anoxic-aerobic or anaerobic-
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anoxic-aerobic systems developed low F/M bulking sludges, but if these sludges were placed 

under completely aerobic conditions, low F/M filament proliferation ceased and the DSVI 

decreased to below 80 ml/g within a few sludge ages. 

Based on a comprehensive follow-up investigation commenced in 1990, a new hypothesis 

regarding the proliferation of the filamentous organisms in nutrient removal systems was 

proposed by Casey et al. (1992a,b). This hypothesis is based on metabolic differences 

between floe-forming and filamentous organisms with regard to their denitrification pathway. 

This hypothesis maintains that the floe- fo rming organisms are facultative aerobic denitrifiers , 

which are able to reduce nitrate to nitrogen gas , while the filamentous organisms are 

facultative aerobic , which only reduce the nitrate to nitrite . When the sludge is exposed to 

alternating anoxic and aerobic conditions , where denitrification is not complete at the end of 

the anoxic period, ie nitrate and nitrite is present at the start of aerobic conditions, an 

intracellular build-up of nitric oxide (NO) exists in the floe-forming organisms but not in the 

filamentous organisms. This intracellular nitric oxide is known to cause inhibition of substrate 

uptake in the floe-forming organisms entering the aerobic conditions. Due to the nature of 

their denitrification pathway, filamentous organisms do not accumulate nitric oxide, and are 

not inhibited in their uptake of substrate when entering the aerobic zone. Under anoxic­

aerobic conditions with incomplete denitrification the filamentous organisms are afforded a 

competitive advantage and are able to proliferate at the expense of the floe formers. Under 

fully anoxic and fully aerobic conditions the filaments have been observed not to proliferate. 

In terms of the hypothesis this is because the floe formers are not exposed to alternate anoxic 

and aerobic conditions. Under fully aerobic condit ions , denitrification does not take place so 

that the inhibiting denitrification intermedi ate NO is not produced. Under fully anoxic 
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conditions, the floe forming organisms denitrification enzymes are fully developed and the 

aerobic oxidases (for oxygen) are not required with the result that no inhibition of the aerobic 

oxidases takes place. In contrast under alternating anoxic-aerobic conditions, when 

denitrification is not complete before conditions become aerobic, the NO denitrification 

intermediate inhibits the aerobic oxidase and the floe-former needs to generate new oxidase 

enzymes before it can function normally. The filamentous organism (so it is hypothesized) 

does not accumulate the NO denitri fi cation intermediate, and thereore upon conditions 

becoming aerobic can immediately fu nction normally giving it an advantage over the floe 

formers. 

The research presented in this thesis fo rms part of the comprehensive follow up investigation 

that led to the development of the new hypothesis for low F/M filament bulking. The effect 

of various anoxic-aerobic conditions on the concentration of nitrate and nitrite entering the 

aerobic reactor from the anoxic reactor and their effects on bulking were investigated in 

various system configurations such as (i) Single reactor intermittently aerated nitrification -

denitrification (lRND), (ii) Two reactor nitrification denitrification (2RND) and (ii) Modified 

two-reactor anoxic-aerobic systems 

In these systems anoxic nitrite and nit rate concentrations were measured and their effect on 

the sludge settleability observed. Under intermittent aeration conditions reactor nitrite, nitrate 

and redox potential profiles were observed under differing conditions of sludge settleability, 

while in the two reactor nitrification /denitrification systems the effects of various operating 

modifications such as high ammonium concentration, and changed recycle ratios on anoxic 
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nitrite and nitrate concentrations and DSYI were investigated. 

The results observed on these systems contributed to the experimental evidence supporting 

the hypothesis proposed by Casey et al. (l 992a, b) , and the batch tests conducted by Casey 

et al. (1992b, c) demonstrating the presence of the inhibition were done on sludge harvested 

from these systems. 

This thesis comprises a literature review in which the development of specific bulking control 

is laid out(Chapter 2). A detailed description of experimental procedure and results and the 

significance of the research in the development of the bulking hypothesis as formulated by 

Casey et al , (1992) is given in Chapter 3. The conclusions reached by this investigation are 

described in Chapter 4. 
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CHAPTER2 

LITERATURE REVIEW 

Preamble 

The review presented in this chapter is an adapted version of a comprehensive literature 

review into specific bulking control compiled by Casey et al. (1992a), and presented here 

to place the objectives of the investigation in context with the present position of bulking 

research. 

2.1 INTRODUCTION 

There are two approaches to bulking control, (1) non-specific and (2) specific. With non­

specific control some toxicant , usually chlorine although ozone and hydrogen peroxide also 

can be used , is dosed into the activated sludge system. Because the filamentous organisms 

causing the bulking extend beyond the floes into the liquid, they are more exposed to the 

toxicant and therefore are selectively killed ; in contrast the floe-formers are not seriously 

affected by the toxicant because they find protection inside the sludge floes. Due to the 

selective killing of the filaments , their numbers and lengths are reduced and the bulking is 

ameliorated. The toxicant affects all fi laments irrespective of type and for this reason this 

method of ameliorating bulking is called non-specific. 
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The principal non-specific bulking control procedure is by chlorination. This procedure is 

well documented in the literature such as in the bulking control manual of Jenkins et al. 

(1984). The method has been tested for biological N & P removal systems (Lakay et al. , 

1988) and found to be satisfactory provided the guidelines set down by Jenkins et al. (1984) 

are followed. 

However chlorination has rather serious shortcoming in that undesirable compounds such as 

trihalomethanes and chlorinated hydrocarbons tend to form which pose a potential health risk 

in the event the treated effluents are reclaimed for potable water supplies. To avoid this 

problem van Leeuwen (1988) and van Leeuwen and Pretorius (1988) investigated the use of 

ozone for bulking control in an N & P removal pilot plant. They concluded that ozonation 

successfully controls filamentous bulking and imparts additional benefits i.e. (1) improves 

the removal of organic substances , (2) aids nitrification and to some degree biological excess 

P removal (BEPR) and (3) produces an effluent that is more suitable for reuse than effluent 

from activated sludge treatment plants without ozonation. 

The problem with non-specific bulking control is that as soon as toxicant dosing is 

terminated , the filaments regrow and , inexorably , bulking conditions return. This is because 

non-specific bulking control deals with the symptoms of bulking, i.e. reduces the filaments , 

but does not remove the causes of the filament proliferation on a permanent basis. With 

specific bulking control the causes of filament proliferation are sought to be eliminated on 

a permanent basis. 



Univ
ers

ity
 of

Cap
e Tow

n

2.3 

2.2 SPECIFIC BULKING CONTROL 

Specific control of bulking focuses on identifying and eliminating the conditions that promote 

the proliferation of the specific nuisance filaments causing the bulking problem. Once these 

conditions are identified, through the types of filaments present in the sludge, it may be 

possible to create environmental conditions in the activated sludge plant which would inhibit 

or suppress the growth of the filamentous organisms. If successful, the method would 

provide a permanent solution to the particular bulking situation. 

Five conditions in activated sludge systems have been identified that lead to filamentous 

organism proliferation (Jenkins er al. , 1984), viz. low DO, low Food to Micro-organism 

ratio (low F/ M or equivalently long sl udge age), nutrient deficiency, septic influent and low 

pH; each condition favours the growth of certain filamentous organism types. From surveys 

of activated sludge plants in South Africa (Blackbeard er al., 1986, 1988) the majority of 

which are long sludge age biological N or N & P removal plants , it was found that the six 

most frequently dominant filamentous organi sms in these plants are types 0092 , 0675 , 0041 , 

Microrhrix parvicella , 0914 and 1851. The first four of these filaments belong to the low 

F/M group. Blackbeard et al. (1986 , 1988) suggested that due to the frequent occurrence of 

the last two filaments with the low F/M ones , these two also be included into the low F/M 

filament group. This paper examines some of the research undertaken to delineate the causes 

and control of low F/M filament bulking in N and N & P removal plants . 
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2.3 LOW F/M BULKING CONTROL - SOME BACKGROUND 

2.3.1 Chudoba's selection criterion 

In 1973 Chudoba et al. (a,b) proposed an organism selection criterion as an explanation for 

the occurrence or non-occurrence of filamentous bulking. This criterion is based on 

competition between the floe-formers and the filaments for the mutually limiting soluble 

substrate, as follows: In the Monod formulation for the specific rate of growth of organisms, 

filamentous organisms have lower values for both the maximum specific growth rate (µ.J and 

the half saturation coefficient (Ks) than floe-formers. Consequently at low substrate 

concentrations the filamentous organisms have a higher specific growth rate than 

floe-formers and at high substrate concentrations, a lower specific growth rate. 

Over the past 15 years the selection criterion has provided a framework for research into the 

causes of bulking and its control by specific methods. Results , reported by a number of 

investigators who have measured the Monod constants of various filaments and floe- formers, 

appear to fit within the structure of the selection criterion: Van den Eynde et al. (1982a,b) 

showed that in general , organisms with high µH rates have high Ks values and ones with low 

µH rates have low Ks values. Slijkhuis (1983) measured the µH of Microrhrix parvicella (one 

of the principal filaments causing low F/M bulking) as 1,66/d; this is considerably lower 

than a µH of 4,33/d measured by Richard er al. ( 1982) for a floe- former isolated from 

activated sludge. 

Palm et al. (1980) extended the selection criterion to incorporate limiting nutrients: For 
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some filaments (the low D.O. ones), the limiting nutrient apparently is oxygen whereas for 

others, the limiting nutrient is the soluble substrate concentration surrounding the organism, 

as originally conceived by Chudoba et al. (l 973a,b). With regard to low D.O. bulking, Hao 

et al. (1983) and Lau et al. (1984) confirmed the work of Palm et al. (1980). From dual 

species studies they showed that low D.O. filaments (Sphaerotilus narans, Type 1701) and 

floe- formers can be selectively grown by manipulating the D.O. concentration; if high, the 

floe-former dominates; if low, the filament dominates. 

With regard to bulking in long sludge age (low F/M) systems, Chudoba et al. (1973a,b) 

tested the selection criterion with pure soluble substrates: They controlled the substrate 

concentration surrounding the organism by having different configurations for the activated 

sludge system. For example, in a si ng le reactor completely mixed system, the substrate 

concentration would be low throughout the reactor whereas in a multi-reactor plug flow 

system the substrate concentration would be high in the upstream section and low in the 

downstream section. They found that in aerobic single reactor completely mixed systems 

filamentous organisms proliferated causing bulking whereas in aerobic multi- reactor plug 

flow systems filamentous organisms did not proliferate and a good settling sludge was 

maintained. From this work, Chudoba er al. (l 973b) developed the selector reactor for 

bulking control. The selector reactor is a small aerated reactor upstream of the main aeration 
I 

reactor and receives the influent and underflow recycle. In the selector reactor, the substrate 

concentration is high and, in terms of the selection criterion, the floe-formers should grow 

faster than the filaments and, will utilize practically all of the soluble substrate. The mass 

of soluble substrate that passes through the selector is a very small fraction of that available 

to the floe- formers in the selector and so ti lament growth will be restricted and insufficient 
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to cause bulking. 

Although the filament categorization into 5 causati ve groups was not yet developed (this only 

emerged in 1984 with the work of Jenkins er al. ). it should be noted that even though the 

systems operated by Chudoba et al. (1 973a,b) were long sludge age or low F/M ones, the 

dominant filament causing the bulking was not a low F/ M one but was one of the low D.O. 

fil aments , i.e. S. narans. This will be referred to again later. 

The work of Chudoba er al. (1973a,b) stimulated research into the control of bulking in low 

F/M (long sludge age) systems. Most of th is research was conducted on fully aerobic 

systems at laboratory scale with real or synthetic sewage as influent. In this research it was 

found that good settling (non- bulking) sludges were produced in systems with: 

(1) compartmentalization of the aeration reactor while maintaining continuous feeding of 

waste water (Chudoba et al., 1974; Rensink er al. , 1982; Wu er al. , 1984) ; 

(2) batch or intermittent feeding to completely mi xed aeration basins (Houtmeyers , 1978; 

Houtmeyers et al. , 1980; Verachtert er al. , 1980; van den Eynde er al. , 1982a,b; Eikelboom , 

1982; Rensink et al. , 1982; Goronszy, 1979; Goronszy and Barnes , 1979; Barnes and 

Goronszy , 1980; Chiesa and Irvine , 1985 ; Jenkins er al. , 1983 ; Ekama and Marais , 1986b; 

Still et al. , 1986; van Niekerk, 1985 ; van Ni ekerk er al. , 1987); 

(3)small aerated mixing reactors (aerobic selectors) ahead of the main completely mixed 

aeration reactor , receiving the influent and underflow streams (Grau er al. , 1982; Lee et al. , 
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1982; Jenkins et al., 1983; Daigger et al., 1985; Still et al., 1986; van Niekerk et al., 

1987). 

As in the investigation of Chudoba et al. (1973a,b), in a large number of the investigations 

cited above, bulking in long sludge age (low F/M) systems was not caused by low F/M 

filaments. In most cases bulking was caused by S. natans which is a low D.O. filament. 

This raised the question of the appropriateness of the system modification approach for 

controlling low F/M filaments. It appears that in the bulking research, controlling bulking 

in low F/M systems was the focus rather than controlling bulking by low F/M filaments. 

These are two distinctly different objectives because bulking in a low F/M system is not 

necessarily caused by low F/M filaments. As a result of this difference, a point must be 

made to clearly distinguish between the two terms in the remainder of this review; low F/M 

system bulking is bulking in a low F/M system with the filaments causing the bulking 

unspecified , i.e. could be S. narans , whereas low F/M filament bulking is bulking caused 

specifically by the low F/M filaments , but this condition need not necessarily be in a low 

F/M system. 

2.3.2 Stimulation of the selector effect - aerobic conditions 

A common characteristic of the three types of systems outlined above is that a soluble COD 

( < 0,45 m) concentration gradient is induced either in time (i.e. in batch or intermittently fed 

systems) , or in space (i.e. in compartmentali zed or selector reactor systems). Some of the 

investigators concluded that Chudoba's selection criterion does not completely account for 

the suppression of filamentous organism proliferation and that other factors also play an 
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important role. For example: 

(l)Many investigators (Houtmeyers, 1978; Houtmeyers et al., 1980; Verachtert et al., 1980; 

van den Eynde et al. , 1982a,b; Eikelboom, 1982; Jenkins et al., 1983; Daigger et al. , 

1985; Ekama and Marais, 1986b; Still er al. , 1986; van Niekerk, 1985; van Niekerk et 

al., 1987), using real or synthetic sewages, provided experimental evidence that systems 

incorporating the 3 modifications cited above stimulate in the sludge soluble biodegradable 

COD, or more correctly, readily biodegradable COD (RBCOD), and oxygen uptake rates that 

were much higher than in sludge grown in single reactor completely mixed systems with a 

constant flow and load. They speculated that the soluble COD (RBCOD) concentration 

gradient induced by the 3 modifications stimulated the growth of floe-forming organisms with 

high substrate uptake rates . This stimulation did not supposedly occur in the growth of the 

filamentous organisms with the result that the filamentous organisms were unable to compete 

successfully for substrate under these conditions. In this review, a sludge which has had 

stimulated in it a high RBCOD uptake rate will be referred to as a sludge which exhibits a 

selector effect. 

(2)Chiesa and Irvine (1982 ,1985) proposed that the alternating feed/starve conditions induced 

by the three modifications stimulated development of floe- formers with a higher starvation 

resistance than filamentous organisms. 

The significance of these factors in bul king control in low F/M (long sludge age) systems is 

not yet clear but in any event is not reall y of much consequence. From a practical point of 

view, provided the system modification controls the bulking problem, it can be implemented 
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for this purpose; detailed explanation and mechanism will follow hand in hand with practical 

experience. The urgency is in controlling the bulking problems in many activated sludge 

plants, in particular the low F/M filament bulking problems so common in biological N and 

N & P removal plants, not only in South Africa but also in other countries. 

2.3.3 Application of selector effect under anoxic conditions 

The system modification approach for bulking control in low F/M systems was also applied 

by incorporating initial anoxic selectors into N removal activated sludge systems. The need 

for this arose out of the desirability of denitrification for N removal. If an aerobic selector 

receiving the influent and underflow recycle streams is placed ahead of a nitrification­

denitrification system, the influent RBCOD wi ll be utilized in the aerobic selector. This will 

result in a significant loss in denitrification; as much as 50%; in that the influent RBCOD 

will be utilized with oxygen rather than with nitrate in the primary anoxic reactor. If the 

selector effect can be stimulated in an anoxic selector, the RBCOD will be utilized with 

nitrate (provided sufficient nitrate is recycled to the anoxic selector) and no loss in 

denitri fication will occur, and if the anoxic selector functions, then the conditions for good 

N removal and selector bulking control can be simultaneously met. 

In laboratory, pilot and full scale work , Heide and Pasveer (1974); Bailey and Thomas 

(1975); Cooper er al. (1977); Tomli nson and Chambers (1979); Wagner (1982); Price 

(1982); Cooper and Boon (1983) and Shao (1986) reported that in nitrifying activated sludge 

systems, incorporation of initial anoxic mixing zones/selectors ahead of the main aeration 

reactor improved sludge settleability. However in this work, the filaments either were not 
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specified, or where specified, were not low F/M types. In evaluating anoxic selectors for 

bulking control in laboratory scale low F/M systems receiving real sewage, Lee et al. 

(1982), reported that incorporation of two anoxic selectors in series, each 1/74th of the total 

system volume, did not control bulking. Lee and his co-workers sized the selectors in 

accordance with the volume that would be required to control bulking in aerobic selectors . 

Based on measurements of soluble COD through the system, they found that not all the 

soluble biodegradable COD (RBCOD) was taken up in the selectors. The leakage of soluble 

biodegradable COD (RBCOD) into the aerobic zone was thought to be the cause for the 

ineffectiveness of the anoxic selectors. In follow-up laboratory research , Shao (1986) 

concluded that (1) anoxic selectors controlled bulking in low F/ M systems provided that they 

removed practically all the RBCOD, (2) RBCOD and nitrate uptake rates were significantly 

higher in the systems incorporating anoxic selectors than systems without anoxic selectors, 

and (3) uptake rate of RBCOD is slower under anoxic conditions than under aerobic 

conditions so that anoxic selectors should be sized larger than aerobic selectors. From the 

research reviewed above, it would appear that anoxic selectors are effective also for 

controlling bulking in low F/M systems, but it needs to be pointed out that the filaments 

present in the laboratory systems operated by Lee er al. (1982) and Shao (1986) were not 

low F/M filaments but 02 lN , Thiorhrix and S. narans just as with the system of Chudoba 

er al. (l 973a,b) incorporating aerobic selectors, the filaments were not low F/ M ones , but 

S. narans . Consequently it was not clear whether or not aerobic or anoxic selectors would 

con trol the low F/M filaments. In work on denitrification, Bailey and Thomas (1975) and 

Arkley and Marais (1981) found that as the hydraulic retention time of an initial (primary) 

completely mixed anoxic reactor increased, so sludge settleability in long sludge age systems 

(20 days) deteriorated . In Arkley and Marais ' work the anoxic zone had sizes zero 
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(completely aerobic), 39, 50 and 70 % of the total system volume. These large anoxic zones 

cannot be considered selectors in that even though they probably did remove virtually all the 

RBCOD they would unlikely have stimulated a rapid RBCOD uptake rate. Instead of a 

single large completely mixed primary anoxic reactor Cooper and Boon (1983) installed a 

channel type anoxic zone by replaci ng the surface aerators with stirrers in 25 % of the 

aeration basin (nominal anoxic hydraulic retention time 2,5h) and a good settling sludge (SVI 

< 100 ml/g) was maintained. In this work on denitrification, the filamentous organisms 

were not identified so it is difficult to make any conclusions regarding the effect of the 

different anoxic conditions on the low F/M filaments. 

2.3.4 Conclusion - Influence of selector effect on low F/M filaments uncertain 

From the evidence presented in this review so far , it appears that a conclusion widely held 

is that the selector effect , i.e. the stimulation (or adaptation) of floe-formers to develop a 

rapid RBCOD uptake rate by system modification so that a RBCOD concentration gradient 

is introduced , enables floe-formers to successfully compete against the filaments for RBCOD. 

While this may be the mechanism of control over certain filamentous organisms , and from 

the literature it appears that S. narans , Thiorhrlx and 02 lN are controlled by this mechanism , 

there was no conclusive evidence that the low F/M filaments were controlled by this 

mechanism. Because this mechanism had gained considerable credibility as a means of 

controlling bulking in low F/M systems, its influence on sludge settleability and the low F/M 

filaments (which are so common in long sludge age biological N and N & P removal 

systems) was thoroughly investigated at laboratory scale at the University of Cape Town by 

Gabb er al. (1989a) to determine its efficacy.This research was conducted as part of a 
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programme initiated in 1985 at the University of Cape Town for investigation of bulking in 

N and N & P removal systems. The path of research of this programme can be divided into 

3 phases and it is necessary to rev iew the work conducted in each phase so that the 

experimental work conducted in this thesis (which forms part of the work of Phase 3) can 

be placed in perspective. 

2.4 UNIVERSITY OF CAPE TOWN INVESTIGATION - PHASE 1 

2.4.1 Experimental investigation 

In this investigation (Gabb er al., 1989a see also Gabb er al. , 1991), which extended over 

a period of 4 years , many types of laboratory scale activated sludge systems were operated. 

As a starting point (phase 1) , the type of experiments reported in the literature reviewed 

above were repeated to see if the same results could be obtained. The types of systems 

operated were: 

- fully aerobic constant feed single reactor completely mixed (0/CFCM) and intermittently 

fed fill and draw (O/IFFO) systems 

- fully aerobic constant feed completely mixed systems with (0/CFCM/SEL) and without 

(0/CFCM) aerobic selector reactors. 

The need for denitrification required the stimul at ion of the selector effect in anoxic selectors 

to be investigated. This was done by operating and evaluating anoxic- aerobic constant feed 
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single reactor completely mixed (AO/CFCM) and intermittently fed fill and draw (AO/IFFD) 

systems that are similar to the fully aerobic O/CFCM and O/IFFD systems cited above 

except that alternating aeration/non-aeration periods were imposed on the systems. 

These systems were all operated at long sludge ages (15-30 days) and at 20°c. They were 

all fed Mitchell's Plain raw sewage and started up with low F/M filament bulking sludges 

(DSVI > 250 ml /g) containing M. parvicella, 0675 , 0041, 0092 and Norcardia. 

Conclusions drawn from these first phase experiments were: 

2.4.1.1. Srimularion of rhe selector eflecr 

The alternating feed- starve conditions imposed by (i) intermittent feeding to completely 

mixed reactor systems, either fully aerobic (O/IFFD) or anoxic- aerobic (AO/IFFD) and by 

(ii) aerobic selector reactors incorporated in fully aerobic continuously fed completely mixed 

systems (O/CFCM/SEL), stimulated in the mixed liquor a selector effect, i.e. a high readily 

biodegradable (or dissolved < 0,45 µm filtered) COD (RBCOD) uptake rate. The RBCOD 

uptake rates were 2 to 3 times higher than in systems that did not incorporate selector 

reactors or alternating feed- starve conditions (O/CFCM and AO/CFCM). If conditions 

during which the RBCOD was taken up were aerobic, the high RBCOD uptake rate gave rise 

to an associated high initial oxygen utilization rate (OUR) under batch conditions and if the 

conditions were anoxic, a high initial nitrate uptake rate (NUR) under batch conditions was 

observed. The relationship between the RBCOD uptake rate and OUR or NUR was found 

to be closely proportional and as a result of this , soluble COD concentration profiles were 
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no longer regularly measured due to the ease of measuring the OUR or NUR compared to 

the soluble COD measurements. 

The selector effect could be stimulated or lost in a sludge over a period less than a sludge 

age in long sludge age ( < 15d) systems by introducing or eliminating respectively, alternating 

feed- starve conditions or through the addition or removal respectively of a selector reactor. 

Acquisition of a selector effect by a sludge in IFFD and CFCM/SEL systems was in 

agreement with the literature reviewed above. 

2.4.1.2. Purely aerobic conditions appear ro ameliorate bulking by low FIM filaments 

Low F/M filament bulking sludges (DSVI > 250 ml/g) usually containing, m varying 

proportions, types 0092, 0041, 0914, 0675, 1851 and M. parvicella, from long sludge age 

full scale (N removal) plants, when used to start up the laboratory scale long sludge age 

activated sludge systems under fully aerobic conditions and the particular anoxic- aerobic 

conditions, i.e. lh anoxic 3h aerobic, invariably ceased bulking (DSVI < 80 ml/g) within 

a month. This occurred irrespective of whether or not the system incorporated an aerobic 

selector or the system was intermittently fed or continuously fed, i.e. irrespective of whether 

the selector effect was stimulated in the system or not. It would appear that, in long sludge 

age fully aerobic systems, and in the particular alternating anoxic- aerobic systems described 

here, the selector effect did not play a role in the control of low F/M filament bulking; low 

F/M filament proliferation was suppressed both when the selector effect was present or 

absent. 
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2.4.1.3. Bulking caused by Sphaerotilus natans (S.natans). 

It is important to note that when bulking was observed in fully aerobic systems and in the 

particular alternating anoxic- aerobic systems in which there was no selector effect (i .e. 

O/CFCM and AO/CFCM), it was not due to low F/M filaments but due to S. natans and 

Thiothrix. According to Jenkins et al. (1984) S. natans sorts into the low DO group and 

Thiothrix into the septic sewage or nutrient deficient groups. However in the surveys of 

South African full scale N and N & P removal plants, most of which are operated at long 

sludge ages, the problematic organisms are those of the low F/M filament group and S. 

natans was never, and Thiorhrix was only rarely, observed to cause bulking in these plants. 

2.4.1.4 S.natans bulking apparently caused by seeding. 

Regular and thorough cleaning of the influent feed lines eliminated the S. narans bulking 

problems in the laboratory systems (Gabb er al. , 1989b). From this it was concluded that 

S. narans proliferation in the laboratory systems was caused by seeding from S. natans 

attached growth on the influent feed line walls. This artifact may also have been present in 

the many laboratory scale studies throughout the world cited above because numerous 

investigators have reported the proliferation of S natans in their low F/M (long sludge age) 

laboratory systems under a wide range of operating conditions and that the selector effect 

controls S. natans and Thiothrix. As a result of the finding above, it can be concluded that 

aerobic selectors and intermittent feeding conditions , which induce the selector effect, 

controlled the proliferation of S. natans and Thiorhrix . This finding is in conformity with 

results reported in the literature cited above. Because of the importance of the laboratory 
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artifact concerning growth of S. narans and Thiorhrix , it is necessary to discuss the 

implications of these results as they relate to bulking by low F/M filament bulking. 

2.4.2 Implications of the results 

2.4.2.1 S.natans,Thiothrix and 021N bulking conrrasred with low FIM bulking. 

Up to this point in the investigation, the results obtained were in conformity with those 

reported in the literature - in particular, a general absence of low F/M filaments in the 

systems, and, when bulking did take place, it was caused by S. narans, Thiorhrix or 021N 

and occurred only in the systems which did not stimulate a selector effect. However, the 

experiments .showed that S. narans in particular , proliferated in the systems as a result of 

seeding from the influent feed lines, and that when the feed lines were regularly cleaned 

(chlorinated twice weekly) S. natans no longer proliferated in the systems (Gabb et al. , 

1989b). In the systems which stimulated a selector effect, S narans, Thiorhrix and 021N did 

not proliferate indicating that the selector effect, stimulated under either aerobic or anoxic 

conditions , controlled bulking by S. narans and Thiorhrix. This observation is in conformity 

with the results published in the literature. The success of the selector effect in controlling 

bulking by S. narans and Thiorhrix in laboratory scale low F/M systems may have 

contributed to the notion in the literature that the selector effect also controls bulking by low 

F/M filaments. In the laboratory systems operated by Gabb et al. (1989a), the low F/M 

filaments did not proliferate; indeed from conclusion (2) above the low F/M filament 

bulking problems in the starter sludge were ameliorated in all the systems operated. 

However in marked contrast to these findings was the observation that in biological N & P 
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removal systems which comprise anaerobic- anoxic- aerobic zones usually in single or multi 

reactors in series and incorporating an appreciable (50 % ) unaerated sludge mass fraction 

operated in the laboratory at the time of these experiments, the low F/M filaments did 

proliferate and cause bulking problems. Indeed , of the laboratory systems operated at the 

time (which were those cited above and the N & P removal ones) the N & P removal 

systems were the only ones in which the filament populations were similar to their full scale 

counterparts i.e. low F/M filaments proliferated , S. natans was absent and Thiothrix 

fil aments were not commonly observed, even when the feed lines were not regularly cleaned. 

2.4 .2 .2 . Metabolic and kinetic selecrion 

From the absence of S. natans and Thiorhrix in N & P removal systems , it was hypothesized 

that the anaerobic reactor in these systems operates as a selector reactor against S. narans 

(and possibly Thiorhrix) proliferation . This hypothesis finds support from the laboratory 

experiments of Wanner er al. (1987a,b) who calls this type of selection, metabolic selection 

(as opposed to competitive or kinetic selection in aerobic selectors) which operates as 

follows : S narans is an obligate aerobe (Mulder and Deinema, 1981) and only capable of 

metabol ism in the full y aerobic reactor. However in the anoxic reactor , the RBCOD is 

utilized by denitrifiers and in the anaerobic reactor , RBCOD is converted to volatile fatty 

acids (VFA) which together with the VFA from the influent , is taken up by polyphosphate 

accumulating organisms such as Acinero/Jacrer spp. (Wentzel et al. , 1985). Consequently 

with anaerobic and/or anoxic reactors in the system very little RBCOD enters the aerobic 

reactor for growth of S. narans. In terms of thi s explanation , selectors , whether aerobic , 

anoxic or anaerobic, control S. narans pro li fe ration either by (i) removing RBCOD under 

• 
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conditions in which S. natans cannot function (anaerobic or anoxic selectors i.e. metabolic 

selection) or (ii) stimulating high RBCOD uptake in floe- formers which then can compete 

successfully against S. natans (aerobic selectors i.e. kinetic selection). With regard to 

Thiothrix , this organism is reported to be a facultative aerobe. If it is a facultative organism , 

anaerobic reactors, anoxic and aerobic selectors should control its proliferation. The 

literature supports this conclusion in that Thiothrix is controlled by anaerobic reactors 

(Wanner et al. , 1987b), anoxic selectors (Shao, 1986) and aerobic selectors (van Niekerk, 

1985). 

2.4.2.3. Low FIM filaments appear not to require RBCOD for proliferation 

From the above discussion it can be seen that with respect to the filaments S. natans , 

Thiorhrix and 021 N there is consistency of behaviour in the anaerobic reactor as metabolic 

selector and aerobic and anoxic selectors as competitive selectors in that in all three, RBCOD 

is taken up preferentially by floe-formers at the expense of the filaments. The observation 

that the anaerobic reactor in its function as a metabolic selector, does not control the 

proliferation of low F/M filaments in N and N & P removal systems because these types of 

plants so frequently have low F/M filament bulking , raises the question of whether or not 

aerobic and anoxic selectors will be able to control low F/M filament proliferation through 

competitive selection. Aerobic and anoxic selectors and anaerobic reactors permit removal 

of influent RBCOD by floe- formers through kinetic or metabolic selection, but despite this 

the low F/M filaments continue to proli ferate in N & P removal systems. Therefore it would 

appear that the low F/M filaments do not require RBCOD for growth to the same extent as 

S. narans, Thiothrix and 021N. If the low F/M filaments are able to grow on COD other 
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than RBCOD, i.e. the particulate biodegradable COD (PBCOD), then because the PBCOD 

passes through the aerobic/anoxic selectors and anaerobic reactors, the proliferation of these 

filaments would not be controlled by aerobic and anoxic selectors. Based on this reasoning 

the second phase of the investigation by Gabb et al. (1989a) focused on ascertaining whether 

or not aerobic selectors could suppress low F/M filament proliferation. 

2.5 UNIVERSITY OF CAPE TOWN INVESTIGATION - PHASE 2 

2.5.1 Confirmation that the selector effect is not important in amelioration of low F/M 

filament bulking 

As a preliminary step to ascertaining whether or not aerobic (or anoxic) selectors could 

ameliorate low F/M filament bulking, it was considered necessary first to confirm that the 

presence or absence of a selector effect does not play a role in controlling low F/M filament 

bulking but that the presence of unaerated/aerated conditions do play an important role. 

To do this, three single reactor systems were started up with low F/M filament bulking 

sludge harvested from a laboratory scale N & P removal (Modified UCT) system. All three 

systems were operated at the same sludge age (20d) and received the same sewage as the 

parent MUCT system (Mitchell's Plain unsettled). Two of the systems were intermittently 

fed once daily while the third was continuously fed. One of the intermittently fed systems 

was anaerobic for the first 6h after feeding, aerobic for 16h, then settled for 2h. The other 

intermittently fed system, and the continuously fed system, were maintained fully aerobic for 

24 h. In the two fully aerobic systems , the DSVI declined steadily from a start-up value of 
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around 200 ml/g to below 60 ml/g over a period of 2 to 3 sludge ages. Over the same 

period , the DSVI in the intermittently fed anaerobic-aerobic system and in the parent MUCT 

system remained high, between 180 and 200 ml/g. 

These experiments demonstrated that (1) continuous aeration inhibits the growth of most of 

the low F/M filaments, in particular , 0092 and 0914, irrespective of whether or not 

alternating feed/starve conditions prevail (intermittently or continuously fed), and (2) an 

initial anoxic- anaerobic period of 6h during which all the RBCOD is removed from the 

liquid phase, followed by an aerobic period of 16h, at a DO of 6 mgO/l and the anaerobic 

(9 ,6h) , anoxic (l l ,2h) , aerobic (14 ,4h) sequence of the parent MUCT system, allows low 

F/M filaments to proliferate and cause bulking. However, it was not clear how the 

continuation of bulking by low F/M fi laments in the intermittently fed anaerobic/aerobic 

system fitted in with the amelioration of low F/M filament bulking observed in the anoxic­

aerobic (AO/IFFD) and continuously fed (AO/CFCM) systems operated in phase 1 of the 

investigation. Nevertheless it was concluded from these experiments, and from the survey 

of filamentous organisms in full scale plants , that low F/M filaments proliferate in plants that 

have alternating aeration and non-aeration either in different reactors or at different times or 

stages in the same reactor. 

2.5.2 Proliferation of low F/M filame nts in laboratory scale intermittent aeration systems 

Before the efficacy of aerobic (or anoxic) selectors in suppressing low F/M filament 

proliferation through kinetic selection could be determined, it was necessary to devise a 

laboratory system other than an N & P removal one, wherein low F/M filaments proliferated. 



Univ
ers

ity
 of

Cap
e Tow

n

2.21 

To do this, attention was focussed on unaerated/aerated systems, because it was evident from 

the experiments so far and from the bulking surveys, that low F/M filaments proliferate in 

full scale unaerated/aerated systems, irrespective of whether these were biological N & P 

removal systems or N removal only systems. Accordingly in this second phase of the 

investigation, unaerated/aerated N removal systems were operated. 

In an attempt to grow low F/M filaments in laboratory systems other than N & P removal 

ones , long sludge age single reactor continuously fed completely mixed systems with 

intermittent aeration - 1 minute aeration resulting in a peak DO concentration of 2 mgO/l 

followed by 9 minutes no-aeration i.e. 3 minutes aerobic and 7 minutes anoxic) - and fed 

real sewage were set up to mimic the conditions of full-scale Carousel or Orbal type N 

removal plants in which low F/M fi laments proliferate. It was found that in these 

intermittently aerated laboratory systems, most of the low F/M filaments proliferated , in 

particular, M. parvicella and 0092 but also 0914, 0041, 0675 and 1851. Switching these 

systems from intermittent to continuous aeration invariably caused a sharp decline in DSYI 

with a concomitant reduction in low F/M filaments and amelioration of the bulking . 

Switching back to intermittent aeration caused slow but inexorable regrowth of the low F/M 

filaments and associated bulkjng, confirming that the low F/M filaments respond very 

strongly to the presence or absence of unaerated periods in the system. 

2.5.3 Aerobic selectors do not control low F/M filament proliferation 

Having established that low F/M fil aments proliferated in laboratory scale intermittent 

aeration systems , it became possible to check whether or not aerobic selectors control low 
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F/M filaments. This was done by setting up an experimental and a control system. Both 

were long sludge age single reactor, continuously fed completely mixed intermittently aerated 

systems. With a correctly sized multi- compartment aerobic selector installed on the 

experimental system , it was found that the selector effect did not control most of the low 

F/M filaments . The DSYI remained above 250 ml/gin both systems for more than 5 sludge 

ages (100 days). The presence of the selector effect in the experimental system sludge was 

verified by doing (i) batch tests to check that rapid RBCOD and oxygen uptake rates had 

been stimulated , (ii) soluble COD profi les in the selector reactors to see that all the RBCOD 

was taken up in the selectors and (iii) microscopic examinations to confirm that numerous 

Zoogloeal colonies had formed. 

Switching the control system to continuous aeration caused the DSVI to decrease sharply in 

10 days ( < 100 ml/g) , with a concomitant decline in low F/M filaments, while the DSYI 

in the experimental system with the selector reactors remained high(> 200 ml/g). 

2.5.4 Implications of the results 

2.5. 4.1 Consistency of effect of aerobic selectors and anaerobic reactors on low FIM 

.filaments 

The observation that aerobic selectors did not control bulking by low F/M filaments, in 

particular types 0092, 0041 , 0675 and M. parvicella, resolved the inconsistency with respect 

to the low F/M filaments in the behaviour between metabolic selection in anaerobic reactors 

(in N & P removal plants) and kinetic selection in aerobic selectors. In N & P removal 
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plants, anaerobic reactors which stimulated preferential removal of influent RBCOD by floc-

formers (Wentzel et al. , 1985) did not control low F/M filament proliferation. Aerobic (and 

by implication presumably also anoxic) selectors which promoted preferential removal of 

influent RBCOD by stimulating the selector effect also did not control low F/M filament 

proliferation. 

2.5.4.2 Confirmation that low FIM filaments do not require RBCOD for proliferation 

It would appear that the influent RBCOD does not play an important role in the growth of 

low F/M filaments in long sludge age systems. It would seem then that the low F/M 

filaments utilize particulate biodegradable COD (or its hydrolysis products) which originate 

either from the influent or are self generated within the system by death and lysis of 

organisms (Ekama and Marais , 1986). 

2.5.4 .3 Conditions promoring nurrienr removal appear to promote low F/Mfilament bulking. 

Low F/ M filaments appear to proliferate in laboratory systems that expose the sludge mass 

to alternating anoxic-aerobic periods as in anaerobic-anoxic-aerobic multi reactor N & P 

removal systems and completely mixed intermittently aerated N removal systems (ditch type 

plants). When these systems or sludge harvested from these systems were exposed to purely 

aerobic conditions by continuous aeration , the low F/M filament bulking was ameliorated and 

sludge settleability improved (DSYI < 80 ml/g). From this it would appear that the 

anaerobic/anoxic conditions that are required to stimulate biological N or N & P removal 

could also stimulate proliferation of low F/M filaments in long sludge age systems , and 
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unfortunately fully aerobic conditions which inhibit low F/M filament proliferation are not 

conducive to biological N or N & P removal. Consequently to effect specific control over 

the low F/M filaments, an environ mental condition needs to be found that will lead to 

exclusion of the filaments but retention of the organisms and conditions that effect biological 

nutrient removal. At the conclusion of the investigation of Gabb et al. (1989a) such an 

environmental condition was not known. 

2.5.4.4 Anoxic-aerobic conditions apparently stimulate low F/M filament proliferation 

It was considered most likely that it is the anoxic-aerobic alternation that leads to the low 

F/M filament proliferation because this is a common feature in N & P removal and 

completely mixed ditch type N removal systems. No answers were offered as to the effects 

of the magnitude of the anoxic mass fraction, the length of the anoxic retention time (actual 

or nominal), the duration of the anoxic aerobic cycles in intermittent aeration systems , the 

concentration of nitrate during the anoxic periods, the frequency of alternation between 

anoxic and aerobic periods or the effect of the low D.O. concentrations which arise during 

the " lead- in" to anoxic conditions. 

2.6 NEW RESEARCH DIRECTIONS 

The finding that the selector effect did not control low F/M filament bulking placed this 

research back into an exploratory stage. As a consequence a central task of the bulking 

research programme since 1989 was to establish and pursue new directions of research. By 

considering the implications of the research reviewed above, investigations were initiated to 
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determine the influence of the followi ng factors on low F/M filament bulking: 

1. Which components in the influent wastewater are responsible for bulking by the low F/M 

filaments? Because the influent RBCOD apparently does not play an important role in the 

sense that they can proliferate without it, can the low F/M filaments utilize the influent 

particulate biodegradable COD (PBCOD)? It is anticipated that the influent PBCOD does play 

a role in the growth of the low F/M filaments because this COD is not significantly reduced 

in selector reactors (whether aerobic or anoxic) and anaerobic reactors and therefore passes 

through to the anoxic and aerobic zones of the system. For the purpose of identifying the role 

of the influent PBCOD and RBCOD , it may be necessary to develop and refine an artificial 

sewage of known composition , which supports the growth of the low F/M filaments. The 

artificial sewage can be fed to the nutrient removal and completely mixed intermittent 

aeration systems to compare the filament populations that develop with the artificial sewage 

with those in similar systems receiving real sewage. The constituents of the artificial sewage 

can be manipulated to observe the infl uence of the RBCOD and PBCOD on the low F/ M 

filaments. Additional to developing an artificial sewage, real sewage can be readily separated 

into its RBCOD and PBCOD constituents by modern ultra-filtration techniques. The RBCOD 

and PBCOD , appropriately reconstituted to its original volume with tap water , can be fed to 

various laboratory scale N and N&P removal systems to observe the effect of the substrate 

on low F/M filaments and system performance. 

2. If PBCOD only supports the growth of the low F/M filaments, do the filaments utilize 

hydrolysis products of PBCOD in the liquid generated by other organisms or are they able 

to hydrolyse and utilize PBCOD directly themselves? Are low F/M filaments able to utilize 
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(either directly or indirectly) the substrate originating from the lysis of dead organisms in the 

biomass (Ekama and Marais, 1986b)? If influent PBCOD, or its hydrolysis derivatives , can 

be utilized by the low F/M filaments , what causes the filaments to proliferate under 

unaerated-aerated conditions but not purely aerated conditions? 

3. Due to the strong influence of the periodic unaerated-aerated conditions in biological N 

and N&P removal plants - most likely the anoxic conditions because this is common to both 

N and N&P removal plants - Investigate the influence of the characteristics of the anoxic 

reactor on low F/M filament bulking, such as; 

(i) size -because low F/M filaments proliferate (DSVI > 300 ml/g) in anoxic-aerobic systems 

with large anoxic fractions (50-70 %) and not (DSVI < 80 ml/g) in purely aerated systems 

(0 % unaerated) is there a trend that the greater the anoxic fraction, the higher the DSVI? 

From Arkley and Marais (1981) , this would appear to be the case; unfortunately in their 

work the filaments were not identified , but probably these were low F/M ones because 

S. narans, Thiorhrix or 021 N are rarely found in laboratory multi reactor anoxic-aerobic (N 

removal) or anaerobic-anoxic-aerobic (N&P removal) systems in which all the influent is 

discharged into the anoxic or anaerobic reactors. Can the low F/M filaments proliferate under 

fully anoxic conditions? 

(ii) position -i.e. as a primary anoxic reactor receiving the influent flow and before the 

aerobic reactor or as a secondary anoxic reactor after the aerobic reactor. 

(iii) rype - i.e. anoxic reactors in compartments separated from the aerobic reactor or forming 
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part of single intermittent aeration ditch type reactors which are anoxic where the DO is 

close to zero. 

(iv) . nitrate - investigate the effect of the nitrate concentration in the anoxic zone on the 

proliferation of low F/M filaments. 

(v) frequency of alternation between anoxic and aerobic conditions - in intermittent aeration 

systems the aeration cycle establishes the number of times the sludge is switched between 

anoxic and aerobic conditions, and in multi reactor anoxic-aerobic systems this is established 

by the recycle ratios; does this frequency of alternation between the anoxic and the aerobic 

conditions have an influence on the low F/M filament proliferation? 

(vi) low DO conditions - in intermittent aeration systems do the low DO conditions leading 

to anoxic conditions promote the low F/M filament proliferation? 

4·. Because the low F/M filaments appear to proliferate in long sludge age systems , at what 

sludge age is their proliferation suppressed so that sludge settleability is at most a DSYI of 

100 ml/g? Is N and N&P removal possible at this sludge age? 

5. Attempt to control bulking by low F/M filaments in different system configurations which 

incorporate biological N&P removal. For example; 

(i) a system configuration which min imizes utilization of influent PBCOD under anoxic 

conditions (but not generated by organism death and lysis) is the Johannesburg system , with 

anaerobic and aerobic zones following sequentially and an anoxic zone in the underflow 
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recycle stream for denitrification of the return sludge to the anaerobic reactor. If such a 

system inhibits proliferation of low F/M filaments compared to a MUCT system, it would 

indicate that the filaments utilize influent PBCOD, under anoxic conditions. 

(ii) sludge ages in N and N&P removal plants are long ( > 20 days) principally to ensure 

nitrification. Wanner et al. (1988) investigated the influence of fixed media in the aerobic 

zone of N and N&P removal plants on the nitrification rate. With this approach it may be 

possible to maintain a long aerobic sludge age on the fixed media nitrification while the 

suspended sludge has a sludge age sufficiently short to suppress low F/M filament 

proliferation . 

2. 7 UNIVERSITY OF CAPE TOWN INVESTIGATION-PHASE 3 

The above research areas are clearly wide ranging and in order to investigate them a second 

comprehensive laboratory research investigation was commenced in 1989. The research 

presented in this thesis forms part of th is phase 3 investigation and in order to place it in the 

context of this investigation , a brief review of its progress relevant to this thesis is given 

below. 

2.7.1 The development of ariificial sewage feed support.ing low F/M filament growth by 

Gabb (1988) 

This work followed three steps: 
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(1) Chemical Composition: Nutritional requirements insofar as readily (RBCOD) and 

particulate (PBCOD) biodegradable COD constituents were concerned were established from 

the literature for many of the activated sludge bacteria. In addition the chemical constituent 

analyses of domestic sewage reported in the literature were examined. The composition of 

Mitchell's Plain raw sewage was important because this was the sewage fed to the laboratory 

scale activated sludge systems which were compared with systems fed artificial sewage. From 

this information and measured principal constituents of Mitchell's Plain raw sewage (COD, 

Organic N, NH4 +, fats and oils, RBCOD and PBCOD), an artificial sewage was formulated 

which was progressively refined after experimentation on activated sludge systems in steps 

(2) and (3) below. 

(2) Kinetic response: The correct proportions of RBCOD and PBCOD were determined by 

comparing the batch test results with artificial sewage and with Mitchell's Plain raw sewage. 

RBCOD and PBCOD proportions were varied until they matched those of raw sewage. 

(3) Microbiological Response: The ability of the low F/M filaments to proliferate in the 

systems fed the artificial sewage was evaluated. For this purpose experimental laboratory 

systems were operated receiving the artificial sewage, both systems receiving Mitchell's Plain 

raw sewage. It was found that an unaerated-aerated (6 hours unaerated, 16 hours aeration , 

2 hours settling) intermittently fed fill and draw (IFFD) system receiving artificial sewage 

feed on occasion promoted the abundant growth of the following filaments; types 0092, 0914 , 

0041, 0675, 0803 , Haliscomenobacrer hydrossis and Nostocoida limicola ll. In the surveys 

of Blackbeard et al. (1986 , 1988), all of these filaments had been observed in bulking sludge 

of full scale plants (the first four named more common than the last three). During these 
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experiments the inorganic nutrient concentrations of the artificial sewage were adjusted to 

prevent these being growth limiting. 

2. 7.2 The work of Casey et al. (1990) with artificial sewage 

The artificial sewage developed by the procedure above was later used in experiments by 

Casey et al. (1990) with only the RBCOD and PBCOD proportions being varied. The 

following observations were made on intermittently aerated single completely mixed reactor 

systems: 

(1) low F/M filaments , in particular H.hydrossis and 1851 but also 0092, 0041 and 0675 , 

proliferated to exceptionally high DSVI's ( > 600 ml/g) irrespective of whether the feed 

comprised only RBCOD or PBCOD. The only difference was that with RBCOD their 

proliferation was more explosive and rapid than with PBCOD. 

(2) Changing the aeration pattern from intermittent (anoxic/aerobic) to continuous (aerobic) 

caused amelioration of bulking by the low F/M filaments- specifically H.hydrossis and 1851. 

(3) Changing the systems from continuous to intermittent aeration caused proliferation of low 

F/M filaments specifically H.hydrossis and 1851. 

(4) M.parvicel!a did not grow in systems irrespective of whether or not fats and oils were 

excluded from the artificial sewage. In similar intermittent aeration systems receiving real 

sewage, M.parvicella is often the dominant one (Warburton et al., 1991 see below). 
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(5) Reducing the amount of nitrate added to the systems so that the effluent nitrate 

concentration was < 5 ,0 mgN/ l caused an amelioration of bulking (DSVI down from 680 

mllg to 150 ml/g) and a reduction of low F/M filaments, specifically H.hydrossis . 

Casey et al. (1990) also found that artificial sewage fed to a MUCT system containing low 

F/M filaments developed on real sewage, caused the DSVI of the sludge to decrease from 

191 ml/g to 83 ml/gin 51 days. In an attempt to reseed the system with low F/M filaments , 

10 % of the MLSS mass in the system was replaced daily with mixed liquor from MUCT 

systems fed real sewage containing low F/M filament bulking sludge for 5 consecutive days. 

This caused a temporary increase in the DSVI, but when seeding ceased the DSVI decreased 

again indicating the low F/M filaments were unable to grow in a typical MUCT system 

receiving the artificial sewage feed. The same conclusions were arrived at by Gabb (1988). 

2.7.3 The work of \Varburton et al (1991) with intermittently aerated systems fed real 

sewage 

Warburton et al. ( 1991) investigated the effect of ( 1) nitrate concentration during the anoxic 

period , (2) varying the anoxic mass fraction , and (3) varying the sludge age on low F/M 

filament bulking in continuously fed intermittently aerated single reactor completely mixed 

reactor systems receiving real sewage as feed. The following conclusions were drawn: 

(1) the nitrate concentration during the anoxic period did influence the DSVI; high nitrate 

levels (effluent nitrate concentrations between 30 and 50 mgN/l) were associated with 

increases in the DSVI whereas low nitrate concentrations (effluent nitrate concentrations < 
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5.0 mgN/1) Jed to a decrease in the DSVI. However even under low nitrate conditions the 

low F/M filaments , particularly 0092 and M. parvicella, were able to proliferate to the extent 

of causing bulking (i.e. DSVI 200ml/g and higher). 

(2) Increasing the aerobic mass fraction from 30% to 70% (reducing the anoxic mass fraction 

from 70 to 30 %) led to a decrease in the DSVI from 200-400 ml/g down to 120-150 ml/g. 

The low F/M filaments present in the systems were M.parvicella, H.hydrossis, 0092 and 

0041. 

(3) Sludge age did influence the DSVI : at short sludge ages ( < 10 days) the DSVI was lower 

than at long ( > 10 days) sludge ages. However the low F/M filaments still proliferated 

sufficiently abundantly even at very short sludge ages (5d) to cause bulking (DSVI > 150 

ml /g) . 

(4) While low anox1c nitrate concentrations, short sludge ages and small anox1c mass 

fractions tend to discourage proliferation, the only factor to date which ameliorated the low 

F/M filament bulking and yielding DSVI's < 100 ml/g was continuous aeration. 

2. 7.4 The work of Ketley et al. (1991) with intermittently aerated systems fed artificial 

and real sewage 

With artificial sewage feed, Ketley et al. (1991) examined the effect on the low F /M 

filaments of 
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(1) fully anoxic conditions, and 

(2) the magnitude of the nitrate concentration during the anoxic period 

and with real sewage feed examined the effect of 

(1) fully anoxic conditions, and 

(2) the frequency of exposure to alternating anoxic-aerobic conditions. 

All the experimental systems operated were long sludge age (15 days) continuously fed single 

completely mixed reactor N removal systems, either intermittently aerated or fully anoxic. 

The single reactor form avoided the complexity of biological excess P removal in multi 

reactor systems and , as was demonstrated earlier, intermittently aerated single reactor 

systems were found to consistently promote the proliferation of low F/M filaments in the 

activated sludge with artificial .and real sewage. 

From their work with artificial sewage Ketley er al. (1991) concluded that: 

(1) In intermittently aerated systems (70 % anoxic mass fraction), low nitrate concentrations 

during the anoxic period led to amelioration of bulking by filaments 1851and1701 (of which 

only the former is a low F/M one). However the production of polymeric material in the 

sludge could have played a role in the reduction of the DSVI. 

(2) Under fully anoxic conditions, onl y H.hydrossis was able to proliferate to the extent of 

causing bulking; other low F/M filaments declined. 
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Because H.hydrossis is a filament of little consequence in full scale systems, Ketley et al. 

I 
(1991) repeated the experiments with real sewage. From these experiments it was concluded 

that: 

(1) Low F/M filaments were unable to proliferate under fully anoxic conditions to cause 

bulking and the excessive growth of H.hydrossis with artificial sewage was not a true 

reflection of that filament's growth under the same conditions when fed real sewage. 

(2) Increasing the frequency of alternation between anoxic and aerobic conditions from 48 

cycles/d (30 minute cycles) to 1 cycle every 3 days (3 day cycles) had no ameliorating effect 

on the lw F/M filament bulking. 

(3) Stimulation or suppression of low F/M filament proliferation could be reproduced 

repeatedly by switching from intermittent aeration (stimulation) to either fully aerobic or fully 

anoxic conditions (suppression) respectively, with fully aerobic conditions leading to more 

rapid decreases in DSVI than fully anoxic conditions. 

2.7.S The work of Hulsman et al. (1992) with compartmentalized N removal systems fed 

artificial and real sewage. 

4 
• 

I 
Hulsman et al. (1992) with artificial and real sewage fed to two reactor anoxic-aerobic 

systems, examined the effect on low F/M filament proliferation of: 

(1) the rype of anoxic zone i.e. compartmentalised into a separate reactor as distinct from 
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(3) the position of the anoxic reactor relative to the aerobic reactor i.e. as primary anoxic 

reactor receiving influent and underflow recycle streams (predenitrification, MLE) or as a 

secondary anoxic reactor receiving effl uent from the aerobic reactor (post denitrification , 

Wuhrmann), 

(4) the frequency of anoxic-aerobic alternation per day and 

(5) the system ML YSS concentration. 

The following conclusions were made by Hulsman er al. (1992) 

(1) Filamentous organism proliferation in these systems was much less severe than in 

intermittently aerated systems operated under similar conditions, but was more severe than 

in fully anoxic or fully aerobic systems operated under similar conditions, 

(2) Changing the size of the anoxic reactor of the MLE system from 70 to 54 % and back 

again from 54 to 74 % did not significantly affect the low F/M proliferation and the sludge 

settleability remained below 125 m//g under both conditions. 

(3) Positioning the anoxic reactor after the aerobic reactor did, but only to a small degree, 

decrease the DSVI for artificial sewage from 200 to 150 mllg and for real sewage from 130 

to 100 ml/g. 
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2. 7.6 The work of Casey et al. (1992c) on MUCT systems using real sewage 

Using real sewage feed it was found possible to manipulate the sludge settleability (DSVI) 

to high and low values, hence low F/M proliferation in MUCT systems by: 

(1) Manipulating the anoxic sludge mass fraction. In a pair of MUCT systems, one with a 

high anoxic mass fraction (15 % anaerobic, 20% first anoxic and 32 % second anoxic and 

33 % aerobic), the other, with a low anoxic mass fraction (15% anaerobic, 20% first anoxic 

and 32+33=65 % aerobic) the DSVI was high (200-250 ml/g) in the former and low (100-

150 ml/g) in the latter. 

(2) Manipulating the influent TKN concentration with ammonium dosing to the influent. At 

low TKN/COD ratio (no ammonium dosing) the concentration of nitrate generated to be 

denitrified by the anoxic reactors was very low ( < 5 mgN/ l). At high TKN/COD ratios (with 

ammonium dosing) complete denitrification in the anoxic reactors (mainly the second anoxic) 

was no longer possible leading to high concentrations of nitrate and nitrite leaving the anoxic 

reactor ( > 10 mgN/l) . With ammonium dosing the DSVI increased (from 100 to 280 ml/g) 

and without ammonium dosing the DS VI decreased (from 250 to 170 ml/g). 

2.8 THE BULKING HYPOTHESIS PROPOSED BY CASEY et al. (1992b) 

From all of the above experiments it was proposed that a possible cause for the low F/M 

proliferation lay in the requirement for the sludge mass to switch between aerobic and anoxic 

metabolic pathways , this switching providing some competitive advantage to the filamentous 
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organisms at the expense of the floe-forming organisms. Attention was thus focussed on 

denitrification pathways. 

Payne (1973) proposed the general denitrification pathway 

nitrate nitrite nitric oxide nitrous oxide dinitrogen 

Initially denitrification was considered a strictly anoxic process, occurring only in the total 

absence of oxygen. However, subsequently it has been demonstrated quite convincingly in 

pure cultures that denitrification can continue under aerobic conditions, albeit at a lower rate 

[Pichinoty and d'Ornano (1961), Showe and De Moss (1968), Krul and Veeningen (1977), 

Robertson and Kuen en (1984 )] . Pure culture studies have also demonstrated that one or more 

of the intermediates in the denitri ficat ion pathway have an inhibitory effect on the aerobic 

utilisation of a substrate with oxygen as a terminal electron acceptor. Krul (1976) in pure 

culture studies on a denitrifying organism isolated from activated sludge, cultured under 

anoxic conditions and tested under aerobic conditions, concluded that the accumulation of the 

intermediate nitric oxide (NO) during denitrification caused a measurable and prolonged 

inhibition of oxygen utilisation under subsequent aerobic conditions. Curiously , this inhibition 

could be demonstrated for pure culture of an isolate from activated sludge but not for a 

mixed culture of activated sludge. 

Some controversy arose as to whether the inhibitory effect was due to No2- or NO, but 
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recent work has concluded that the inhibitory effect is due to NO and not N02-. However, 

the degree of inhibition is exacerbated by the presence No2- and N03- (Kucera et al., 1987; 

Carr and Ferguson, 1990). 

With this basis Casey et al. (1992a,b) proposed the following explanation for the 

proliferation of low F/M filaments in N and N & P systems: Floe-formers are inhibited under 

aerobic conditions by denitrification in termediates accumulated under the preceding anoxic 

conditions; the denitrification intermediate causing the inhibition is NO. For this explanation 

to be valid requires the low F/M filaments to denitrify only as far as No2- and therefore not 

accumulate NO, and the floe-formers to denitrify completely to N2 and thereby accumulate 

NO under certain conditions. Under this hypothesis, low F/M filament bulking can be 

expected to take place if nitrate and nitrite removal in the anoxic reactor is incomplete. In 

this event, the floe-forming organisms would still have NO accumulated in their enzyme 

systems causing oxygen uptake inhibition in them on entering the aerobic reactor. If nitrate 

and nitrite reduction is complete, then low F/M filament bulking would not be expected 

because then the NO intermediate will have been denitrified also and oxygen uptake 

inhibition in the floe-formers will not take place. 

2.9 SCOPE OF THIS THESIS 

The research presented in this thesis was commenced in 1989 and was done concurrently 

with that of Warburton et al. (1991), Ketley et al. (1991), Hulsman et al. (1992) and Casey 

et al. (1992a,b) reviewed above; it therefore contributed to the formulation of the bulking 

hypothesis in much the same way as did that of Warburton, Ketley, Hulsman and Casey. 
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Indeed, the systems in which inhibi tion was first noted and measured by Casey et al., 

( 1992b) was in the two reactor nitrification-denitrification system operated in the investigation 

presented in this thesis. The experiments in which nitrate and nitrite concentrations and redox 

potential were determined during the anoxic-aerobic cycles of the intermittent aeration 

systems operated in this investigation also provided a valuable clue for the bulking hypothesis 

of Casey et al. (1992b). Therefore the research presented in this should not be viewed as 

work done subsequent to the development of Casey's bulking hypothesis, it was done during 

and formed part of the experimental evidence from which the hypothesis emerged. In the 

next chapter (3) the experimental investigation and the results obtained are described in 

detail. 
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CHAPTER3 

EXPERIMENTAL INVESTIGATION 

3.1 INTRODUCTION 

In activated sludge plants , bulking due to the proliferation of filamentous organisms is 

considerable problem. Filamentous bulking results in poor settleability of the mixed liquor 

and, in the event of secondary clarifier overload as a consequence of this, a dramatic 

deterioration in effluent quality over the peak flow periods of the day. This poor settleability 

of the sludge limits the wastewater flow which may be treated in the activated sludge plant , 

at values often considerably lower than the expected design capacity which results in 

premature plant extensions. 

If filamentous bulking could be controlled, considerably higher wastewater flows could be 

treated in existing plants - between 50 to 100% more (Ekama and Marais, 1986a). The 

savings this promises to bring is the principal driving force motivating the research into the 

cause and control of filamentous bulking. 

From surveys of long sludge age nutrient removal plants in South Africa, it was determined 

that most of the filamentous bulking which occurred in these plants was caused by a limited 
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number of filamentous organism species, this group of species all sorting into a category 

called low food I microorganism ratio (F/M). (Jenkins et al., 1984) 

A comprehensive review on bulking was set out in Chapter 2, which concluded with a 

statement of the hypothesis for low F/M filament bulking of Casey et al. (1992b). This 

hypothesis states that some intermediate nitrogen compounds in the denitrification pathway 

inhibit floe formers in the aerobic zone of anoxic - aerobic activated sludge systems . This 

principal inhibiting intermediate is nitric oxide, produced and retained intracellularly by the 

floe formers in the anoxic zone while denitrifying nitrate to nitrogen gas . The NO forms 

stable compounds with some of the electron transport cytochromes to oxygen and blocks the 

electron transport chain via these cytochromes with the result that the floe - formers are 

inhibited in oxygen uptake in the aerobic zone. The low F/M filaments (it is hypothesized) 

denitrify N03- only as far as No2- with the result that they do not accumulate NO and 

therefore are not subject to aerobic NO inhibition. A corollary of this hypothesis is that if 

all the nitrate and nitrite in the anoxic reactor are completely denitrified prior to return to the 

aerobic reactor , ie a "zero" nitrate and nitrite concentration in the outflow of the anoxic to 

the aerobic reactor , then there should be no intracellular NO in the floe - formers. As a 

result the inhibition would not occur and consequently a non - bulking sludge should be 

produced in the system. On the other hand , if denitrification is not complete in the anoxic 

reactor then intracellular NO would be present in the floe formers and bulking would occur. 

3.2 EXPERIMENTAL SET-UP 

In the literature review, which evaluated various different fully anoxic, fully aerobic and 
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anoxic-aerobic systems it was concluded that the intermittently aerated conditions of the 

anoxic - aerobic systems appeared to be the principal cause of the low F/M filament bulking 

- fully anoxic and fully aerobic systems were observed not to bulk, whereas the anoxic 

aerobic systems did bulk. What was not clear, although some work had been done by 

Hulsman et al. (1992) , was the effect of the form in which the anoxic - aerobic conditions 

prevail in the system ie. in separated anoxic and aerobic reactors with recycles (Modified 

Ludzack-Ettinger or Wuhrmann systems) or in single reactor intermittently aerated systems. 

While both these systems have anoxic - aerobic conditions, the form of these conditions are 

distinctly different even if operated at the same anoxic mass fraction. For instance, with 

separated reactors the feed is introduced only under the anoxic (MLE) or aerobic 

(Wuhrmann) conditions and the change from anoxic and aerobic conditions is rapid, with 

minimal low DO conditions. In contrast in the single reactor intermittently aerated system , 

the feed is introduced to both anoxic and aerobic periods and the change from aerobic to 

anoxic conditions is slow , passing through a period of low DO concentration. In this 

investigation the effect of these different anoxic-aerobic conditions on the low F/M bulking 

problem, as reflected by the nitrate and nitrite concentrations, is examined in the light of the 

low F /M filament bulking hypothesis outlined above. 

Experiments to determine the influence of nitrogen compounds in the mixed liquor on 

filamentous bulking 

In order to test the above corollary of the low F/M filament bulking hypothesis , 

intermittently aerated and 2 reactor anoxic aerobic systems were set up and operated. In these 

systems , inter alia , the concentrations of nitrate and nitrite (the latter as indicator of the 
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presence of nitric oxide) were measured in the various reactors and the effluent. The DSVI 

was measured to assess the sludge settleability and regular microscopic examinations were 

conducted to identify the filamentous organisms. The overall plan of the experimental 

investigation is given in Table S.1 (see Synopsis). 

3.2.1 Intermittent aeration system 

Initially one intermittently aerated single reactor completely mixed system was started up. 

The sludge age was set at 15 days by wasting 667 ml of mixed liquor per day (including 

samples drawn) from the 10 I reactor. The daily aeration pattern of the system was divided 

into three aeration cycles per day. Within each cycle of 480 minutes the system was aerobic 

for 140 minutes at a dissolved oxygen concentration between 2-3 mgO/l and unaerated ie. 

anoxic for a period of 340 minutes , thus giving an aerobic mass fraction of 30% and an 

anoxic fraction of 70 % . The system received a feed volume of 10 I/day at a concentration 

of 500 mg COD/I, which was obtained by appropriate dilution of stronger, real Mitchell's 

Plain raw sewage, stored in stainless steel tanks at 4 °C. 

After 52 days of operation an ammonium supplement was added to the influent feed , at an 

initial concentration of 10 mgN/l per litre of influent feed (later on day 65 increased to 20 

mgN/l ) to increase the influent TKN concentration. Through nitrification this increased the 

concentration of nitrate generated and hence there was more nitrate to be denitrified. At the 

fixed anoxic mass fraction of around 70 % the additional nitrate was expected to increase 

nitrate and nitrite concentrations in the reactor during the aerobic periods. A schematic layout 
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3.5 
SINGLE INTERMITTENTLY 

AERATED REACTOR 

S-RECYCLE 

Fig 3 .1 Schematic layout of Intermittent 
aeration system 

SETTLER 

EFFLUENT 

Table 3.1 Intermittent aeration system operating parameters 

I SYSTEM I EXPERIMENT AL(intermittent) 

Operating conditions Continuously Fed Intermittently aerated 
single reactor system 

Aeration 25 - 30 % aerobic, 70 - 75 % anoxic 

Sewage Source Mitchell's Plain Raw 

Mass COD fed/d 4000 - 5000 

Volume of Feed(l/d) 10 l 

Concentration (mg COD/d) 500 

Influent TKN (mg Nil) 35 - 50 

Ammonium dose: 
day 1 - 52 zero 
day 53 - 64 10 mg NH4-N/1 influent 
day 65 - 82 20 mg NH4-N/l influent 

Sludge Age (days) 15 

Reactor Volume (l) 10 

pH of mixed liquor 7.2 - 7.8 

Operating temperature 20°c 

Recycle ratio (s) 1: 1 

MLSS Concentration 2000 

vss Concentration 1500 

Mass Fractions: 
aerobic 25 - 30% 

anoxic 70 - 75% 

I 
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of the system is given in Fig 3.1 and the system design and operating parameters are listed 

in Table 3.1. The system was operated in this configuration for a period of 83 days. 

Over the 83 day period the following parameters were measured daily on the system. 

1. Influent (unfiltered) and effluent (filtered) COD concentrations (Fig 3.2) 

2. Influent (unfiltered) and effluent (filtered) TKN concentrations (Fig 3.3) 

3. Effluent nitrate and nitrite concentrations (both filtered) (Fig 3.4) 

4. Reactor MLSS and MLVSS concentration (Fig 3.5) 

5. Oxygen utilization rate (OUR) during aerobic period (Fig 3.6) 

6. Sludge settleability as DSVI (Fig 3. 7) 

Filament identification was carried out every 2 to 4 weeks. (Table 3.2, Fig 3. 7) 

The results of the above measurements are listed in Appendix 1 and shown graphically in 

Figs 3.2 to 3. 7 (see list of measured parameters above). 

Discussion of Results 

System behaviour - COD balance 

To check the reliability of the experimental results a COD mass balance check was 

conducted. In intermittently aerated systems a N balance cannot be conducted because it is 

not possible to calculate the mass of nitrate denitrified per day. Consequently a 100% N 

balance is assumed to obtain the mass of nitrate nitrified and denitrified required for the COD 

balance. Details of the N and COD mass balance calculations are given in Appendix 2. 
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To facilitate the mass balance calculations the experimental data need to be divided into 

steady state periods to take account of different sewage characteristics (principly the TKN 

concentration) and system operating conditions. Generally for the 83 days the system was 

operated, the influent TKN concentration for the different sewage batches varied between 

45 and 50 mgTKN-N/l (Fig 3.3). Over the 83 days 6 sewage batches were fed, the 

commencement of which is indicated in Figs 3.2-3. 7 by a * near the upper horizontal axis. 

The small variation in the influent TKN concentration allows the 83 days of data to be 

divided into only 2 steady state periods (SSP, indicated by vertical lines in Figs 3.2-3. 7) ie. 

one without ammonium dosing (day 1 - 64) and one with ammonium dosing (day 65 - 83) . 

Averages of the measured data for the two steady state periods are given in Table 3.3. From 

this data for the 2 steady state periods, the COD mass balances are 84 % and 76 % 

respectively (based on a 100% N balance in the system - see Appendix 2 for details). These 

values seem reasonable when compared to the COD balances obtained by Warburton et al. 

(1991) which varied between 85 and 105% for similar systems. (see Table 3.4) 

System behaviour - COD removal 

For the first 64 days of operation (steady state period 1 - no ammonium added) the average 

COD removal was 83%, for the average influent COD of 441 mgCOD/l, and an average 

effluent COD concentration for this period of 76 mgCOD/l. During steady state period 2 

(ammonium added) the average influent COD was slightly higher, 475 mgCOD/l, with an 

average effluent COD concentration of 92 mgCOD/l giving an average COD removal of 81 % 

(see Table 3.3). This gives an average unbiodegradable soluble COD fraction (fus) of 0.18, 

which although fairly high, compares favourably with that obtained by Warburton et al. 
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Fig 3.2 Intermittent aeration system influent and effluent COD concentrations 

(SSP = steady-state period) 
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( 1991) for the same wastewater. 

The unbiodegradable particulate COD fraction (fup) for the wastewater was also calculated. 

This was done by accepting the estimated fu. values of 0.17 and 0.2 for steady state periods 

1 and 2 respectively and equating the measured concentrations of VSS in the system to the 

calculated value from the steady state model WRC(1984): 

(l-f -f )Y f 
M(X)=M(S.)R( us up h(l+fbR)+~} 

v ti s ( l +b R ) h s f 
h S CV 

Where Xv = measured VSS concentration and the other symbols have the usual designation 

(see WRC, 1984) and values for 20°C operational temperature (ie. b" = 0.24). 

On this basis the fup values for the two steady state periods are 0.188 and 0.102 for steady 

state periods 1 and 2 respectively. These values are of a similar magnitude compared with 

those obtained by Hulsman er al. (1992) and Warburton et al. (1991) for the same 

wastewater and similar N removal systems. However it is curious that for the same 

wastewater but Modified UCT system Musvoto er al. (1992), Clayton et al. (1989) and 

Casey et al. (1992c) all obtained higher fup values in the range 0.20 to 0.30! This indicates 

that MUCT N & P removal plants produce significantly more sludge (20 - 25 % ) than N 

removal systems for the same sewage COD mass load and sludge age. No explanation for 

this can be advanced at this stage. 
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System behaviour - Nitrification and denitrification 

The influent sewage TKN fed to the system over the 64 day period (Steady state period 1) 

varied in concentration between 45 and 50 mgTKN-N/l. Sewage from the initial batch (day 

0 to 4) had a high TKN concentration (60 - 80 mgTKN-N/l). The effluent TKN concentration 

of the system during these first four days is thus high ( > 20 mgTKN-N/l) as well, due to 

incomplete nitrification. On day 5 when the second sewage batch was commenced with a 

TKN of about 50 mgTKN-N/l, nitrification improved and was virtually complete - low (6 

mgTKN-N/l) effluent TKN concentration by day 7. The effluent TKN concentration remained 

low ( < 17 mgTKN-N/l) for the next 10 days to day 17. 

For the period between day 17 and day 60 the effluent TKN concentration was relatively 

high , ranging between 5 and 24 mgTKN-N/l, indicating variable degrees of nitrification. 

Around day 25 it was at its highest of 24 mgTKN-N/l, but thereafter gradually decreasing 

to around 5 mgTKN-N/l, by day 60, when virtually complete nitrification was again 

achieved. This variability in nitrification probably arose because the sludge age (15 days), 

and the aerobic mass fraction (30%) placed the system close to the limit for nitrification. A 

system in this state is very sensitive to small changes in operating conditions such as 

differences in (1) influent wastewater batches which influence the maximum specific growth 

rate of the nitrifiers and (2) peak oxygen concentration attained in the air-on cycle and (3) 

OUR in the initial part of the air-off cycle, the latter two causing variability in the aerobic 

mass fraction. 

With the addition of ammonium to the influent feed on day 64 the measured influent TKN 
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Intermittent aeration system 
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Effluent nitrates & nitrites 
Intermittent aeration system 
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=jg 3.4 Intermittent aeration system effluent nitrates and nitrites 
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Intermittent aeration system 
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Fig 3.5 Intermittent aeration system MLSS and MLVSS concentrations 

(SSP = steady-state period) 
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OUR 
Intermittent aeration system 
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•Fig 3.6 Interm ittent aeration system OUR during aerobic period 

(SSP = steady-state period) 
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DSVI 
Intermittent aeration system 
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Fig 3.7 Inte rm ittent aeration system DSVI 

(SSP = steady-state period) 
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System performance -Nitrification & denitrification 
Intermittent aeration system 
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Fig 3.8 Intermittent aeration system performance - Nitrification and Denitrification 
Shaded area represents NOx (N03 + N02) denitrified 
(SSP = steady state period) 
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Effluent nitrite & DSVI 
Intermittent aeration system 
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Fig 3.9 Intermitten t aeration system DSVI and effluent nitrite concentration 

(SSP = steady-state period) 
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Table 3.2 Filamentous organism identifications 

/ Date I Day I Dominant I Secondary I Other I 
12/ 12/90 30 H.hydrossis 0092, 0041 Beggiatoa, 

021N, 
M.parvicella 

2 111/91 69 0041 - 021N, 
H.hydrossis, 
M. parvicella, 0803, 
Flexibacter 

20/2/91 99 0041 - M.parvicella 
S.natans, 
1851,0092 

2/4/91 140 0041 M.parvicella S.natans 
021N,0092 

l 0/5/91 178 0803 0041 H. hydrossis 
0092 

1116/91 210 096 1 1851,0041 171iothrix, 
0092,0803, 
H. hydrossis 

2617 /9 1 254 0092 H. hydrossis 1851,021N 
0041,0961 

4/12/91 386 0041 0092 , 0041, 1851, 
H.hydmssis H.hydrossis 

6/2/9 l 446 0041 H. hydrossis 0092, 
M.parvicella 
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concentration rose to levels of between 50 and 80 mgTKN-N/l. The ammonium was added 

step wise with the dose being 10 mgTKN-N/l for the first 4 days (day 64 to 68), then, after 

noting that this dose did not significantly influence the effluent nitrate and nitrite 

concentrations, the dose was increased to 20 mgTKN-N/l. Initially the effluent TKN 

concentration increased from the time of dosing (to a value of 21 mgTKN-N/l) due to the 

higher ammonium load, probably due to incomplete nitrification in the system, but as more 

nitrifiers grew in the system in response to the higher load, nitrification again improved so 

that by day 83 nitrification was again complete and low ( < 10 mgTKN-N/l) effluent TKN 

concentrations were again achieved. 

The nitrate concentrations during the 64 day period (steady state period 1) before ammonium 

addition fluctuated between 2 mgN03-N/l and 17 mgN03-N/l. The nitrate concentration in 

the system decreased from 11.4 to 5. 8 mgN03-N/l the first 3 days of operation due to the 

change of sewage batch with a lower TKN concentration and improvement in denitrification. 

From day 3 to 17 the nitrate concentration varied between 3 and 6 mgN03-N/l, decreasing 

to concentrations of 0.9 and 0.3 mgN03-N/l on days 23 and 24. This decrease corresponds 

to an increase in effluent TKN over the same period. The concentration of the nitrate 

denitrified varied between 20 and 35 mgN03-N/l influent with an average of 25.7 mgN03-

N/l. (Fig 3.8 and Table 3.4). 

After commencing ammonium dosing, on day 64 there is a steady increase in the effluent 

nitrate concentration, to concentrations of 8 - 15 mgN03-N/l. This is due to the generation 

of additional nitrate by nitrification (increase from 30.1 to 43.5 mgN03-N/l) in the system 

due to the availability of the added 20 mgN/l ammonium in the feed. From this it can be 
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seen that on average only 13.4 mgN/l ammonium dosed was nitrified, the remaining 6.6 

contributing to the effluent TKN concentration. The nitrate concentration denitrified also 

increased with the additional nitrate generated, the increase being from 25. 7 mgN03-N/l to 

34.5 mgN03-N/l ie by 8.8 mgN03-N/l. Therefore on average the effluent nitrate 

concentration increased by 13.4 - 8.8 = 4.6 mgN03-N/l. ie from 4.5 to 9.1 mgN03-N/l. (see 

Table 3.4). 

During steady state period 1 (day 1 - 64) the concentrations of effluent nitrite varied between 

0.1 to 9.8 mgN02-N/l but averaged at a value of 1.1 mgN02-N/l. During the second steady 

state period (with ammonium dosing - day 65 to 83) the effluent nitrite concentration ranged 

between 1 to 5 mgN02-N/l with the average of 2.5 mgNOi-Nll. This is an increase of 1.4 

mgN02-N/l over the steady state period 1 average of 1.1 mgN02-N/l, indicating that one or 

both of two possible sources of nitrite had increased as a result of ammonia dosing. 

It should be noted that the nitrite concentration in the effluent arises from two sources ie 

partial nitrification ie nitrite not completely nitrified to nitrate under aerobic conditions and 

partial denitrification ie nitrite not full y denitrified to nitrogen gas under anoxic conditions. 

Unless the nitrate and nitrite concentration profiles are measured during the aeration cycle 

it is not possible to state which of the two sources is the principle contributor to the effluent 

nitrite concentration . Nitrate and nitrite concentration profiles were measured on two 

occasions (days 58 and 78), one during each steady state period; the results of these tests are 

discussed below. However, in general it was noted that the fluctuations in concentrations of 

effluent nitrite roughly correspond to the fluctuations in concentration of the influent TKN. 
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Table 3.3 Steady state period averages for the single reactor intermittent aeration system. 

STEADY ST A TE PERIOD I PERIOD 2 
PERIOD (day 0-64) (day 65-82) 
AVERAGES 

vss 1554 mg/I 1336 mg/I 

TSS 1845 mg/I 1640 mg/l 

COD(inf) 441.1 mg/l 474.8 mg/l 

COD(eff) 76.1 mg/I 92.4 mg/l 

fup 0.188 0.102 

fus 0.173 0. 195 

TKN(i nf) 50.2 mg/I 62.4 mg/l 

TKN(eff) 9.6 mg/I 10.0 mg/l 

Nitrate(eff) 4.47 mg/I 8.96 mg/l 

Ni trite(eff) 1.09 mg/l 2.49 mg/I 

DS VI 202 ml /g 219 ml/g 

OUR 28.44 mg/l/hr 24. 96 mg/I/hr 
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Tabl e : .4 N i t ~agen ~nd C~D ~ ass balance calculat ions for different 
stead y st ate per iJds during complete inves t igation 
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Nitrate and nitrite concentration profiles 

In order to examine the nitrate and nitrite concentration profile during the aeration cycle, on 

days 58 and 78 samples were taken every 20 minutes over a complete 8 hr (480 minute) 

aeration cycle and tested for nitrate and nitrite. Simultaneously the redox potential was also 

measured. The results of these tests are shown graphically in Figs 3.10 and 3.11. Day 58 

is midway in a 15 day period when the DSVI was stable at 190 ml/g with no dosing of 

ammonia (Fig 3. 7) . In Fig. 3.10 over the aerobic period (approx. 1.83 h or 170 minutes) 

the reactor nitrate concentration increased from 0.5 mgN03-N/1 to 9 mgN03-N/l. The nitrite 

concentration over the corresponding period rose from 0.5 mgN02-N/1 to a maximum of just 

over 2 mgN02N/l, but dropped back to a concentration of 0.5 mgN02-N/1 by the end of the 

aerobic period. The redox potential increased from -127 to +42 mY. During the anoxic 

period ( 5.16 h or 310 minutes) the nitrate concentration dropped steadily from 9 mgN03-N/I 

to 0. 2 mgN03-N/I within 3 h. Over this period, the concentration of nitrite increased from 

0.5 to 1 mgN02-N/I. When the nitrate concentration reached a near zero value, the nitrite 

concentration started to decrease from 1 mgN02-N/1 and reached a near zero value ( < 0. 1 

mgNOr Nll) at 3.5 h (210 minutes). While nitrate and nitrite were present the redox potential 

dropped from +40 to -40 m V. After both nitrate and nitrite reached near zero concentrations 

at 3.6 h , the redox potential rapidly declined further from -40 to -200 mY. 

From the time ammonium dosing was increased from 10 to 20 mgN/1, the DSVI increased 

from 190 to 210 ml/g. This was the same time as the effluent nitrate and nitrite 

concentrations increased as a result of the ammonium dosing, demonstrating a link between 

the effluent nitrate and nitrite concentrations and the DSVI. To examine the nitrate and nitrite 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3.24 

Redox, nitrate and nitrite profi e 
Intermittent aeration system 
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Fig 3.1 o 8- hr aeration cycle nitrate and nitrite profiles, intermittent aeration system, day 58 
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Redox, nitrate and nitrite profile 
Intermittent aeration system 
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Fig 3.1 o 8-hr aeration cycle nitrate and nitrite profiles, Intermittent aeration system, day 58 
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concentration profile with ammonium dosing (steady state period 2) a second profile test was 

done on day 78 (Fig. 3.11). During the aerobic period (140 mins), the reactor nitrate 

concentration increased from 1.5 mgN03-N/1 to 11 mgN03-N/l, while the nitrite 

concentration increased from 1.5 to 6 mgN02-N/1. The redox potential, initially measured 

at -110 at the start of the aerobic period , increased to +30 mV. 

During the anoxic period the nitrate concentration dropped steadily from 11 at the start to 

0.5 mgN03-N/l at the end of the 5.5 h (330 minute) anoxic period. The nitrite concentration 

declined gradually over the first 4 hours, from 6 mgN02-N/1 to 5 mgN02-N/l and then over 

the last 1.5 hours declined further to 2.5 mgN02-N/I. At the commencement of the anoxic 

period, the measured redox potential showed an initial sharp drop from +30 to + 10 mV and 

thereafter decreased gradually over the 5 .5 h anoxic period to a value of-70 mV, following 

approximately the nitrite concentration decline. 

System behaviour - DSVI 

The DSVI in the intermittently aerated system showed a tendency to increase over the first 

35 day period of operation. The DSVI was initially below 150 ml/g, but increased beyond 

this level within 28 days. By day 34 the DSVI had increased to 337 ml/g. The dominant 

filament species present in the system during this time (observed on day 31) was H. 

hydrossis, and the secondary and incidental filaments were 0041 and Beggiatoa, 021N, M. 

parvicella, (see Table 3.2 and Fig . 3.7) all of these filaments being of the group commonly 

observed in intermittent aeration N removal systems fed real or artificial sewages (Warburton 

et al. 1991, Ketley et al. 1991, Casey et al. 1990). The DSVI then decreased gradually from 
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337 to around 200 ml/g from day 33 to day 50, and remained near this value until day 64 

when steady state period 2 commenced. Filament identification on day 69, (although strictly 

speaking 6 days after commencement of steady state period 2, ammonia dosing but probably 

still is indicative of the filament population over the 15 day period preceding the filament 

identification test) indicated that 0041 was the dominant filament, having supplanted H. 

hydrossis. Secondary filaments were 0092, M. parvicella, and 0803. H. hydrossis remained 

present in the system as a secondary filament (see Table 3.2, Fig. 3. 7). 

From the nitrate , nitrite and redox potential profile measurements over the aeration cycle , 

it appears that high concentrations of nitrate and nitrite, and a high redox potential at the 

commencement of the aerobic period (-70 mY compared to -200 mY), as a consequence of 

incomplete denitrification during the anoxic period, is conducive to low F/M filament 

proliferation and increasing DSYI. In contrast when nitrate and nitrite concentrations at the 

commencement of the aerobic period are low (as a consequence of low influent TKN/COD 

ratio with no ammonium dosing) due to complete denitrification during the anoxic period , 

the DSYI of the sludge, and hence the low F/M filament proliferation, seems reduced. 

Although the DSVI results are somewhat variable over the 83 days the intermittently aerated 

system was operated , the two nitrate and nitrite concentration profiles during the aeration 

cycle provide some support for the low F/M filament hypothesis of Casey et al. (1992). 

Variability of the DSVI results arises from the increasing and decreasing DSVI during the 

first and second 32 day periods respectively - why the DSVI should have increased from days 

15 to 32 in the absence of ammonium dosing is not clear - in the absence of nitrate and 

nitrite concentration aeration profiles during the aeration cycle it is difficult to establish what 
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the nitrate and nitrite concentrations would have been at the start of the aeration period. It 

is possible that despite the low influent TKN ratio these were high from day 20 to day 32 

due to poor denitrification causing an increase in the DSVI. Then acclimatization improved 

its denitrification performance in the second 32 day period. From Figs 3.8 and 3.9, which 

show the effluent nitrate and TKN concentrations and denitrification performance of the 

system over the 83 day period it appears that this may have been the case . This conclusion 

is supported from the research of Warburton et al. (1991) who also operated intermittentl y 

aerated N removal systems with and without nitrate or ammonium dosing - while the systems 

always bulked , the DSVI did not increase exactly in conformity with N dosing or not. 

However in their experiments , Warburton er al. (1991) did not measure the nitrate and nitrite 

aeration cycle profiles so that in these experiments the concentration of these at the beginning 

of the aeration period are also not known. 

The measurement of the nitrate and nit rite concentration profile has provided some valuable 

insight into a possible cause for bulking by low F/M filaments, ie incomplete denitrifi cation 

at the commencement of aerob ic conditions. The investigation continued by examining the 

validity of this finding in two reactor nitrification - denitrification systems. 

3.2.2 Two reactor anoxic-aerobic system 

After 83 days of intermittently aeration operation , the system was converted to an equivalent 

two reactor completely mixed continuously fed anoxic-aerobic pre-denitrification (MLE) 

system. All the system parameters such as sludge age, aerobic fraction , mass and type of 

COD fed dail y, total reactor volume, and the anoxic mass fraction remained unchanged. The 
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single 10 1 intermittently aerated reactor was replaced by two reactors with a combined 

volume of 10 1, the first a 7 1 anoxic reactor receiving the influent and underflow recycle and 

the second a 3 1 aerobic reactor, giving the same aerobic mass fraction of 30%. In the 

aerobic reactor, the dissolved oxygen (DO) level was regulated between 2 - 3 mg0/1 by an 

electronic DO controller/OUR meter (Randall er al., 1991) which also measured the OUR. 

A mixed liquor recycle from the aerobic to the anoxic reactor at a recycle ratio (a) of 3: l 

returned nitrate (and mixed liquor) to the anoxic reactor for denitrification. A schematic 

layout of the system is given in Fig 3.12 and a list of its design and operating parameters are 

given in Table 3.5. 

The system initially (from day 83 to 146) received the same 20 mgN/l supplementary 

ammonia feed (in the form of NH4Cl) that was dosed to the intermittently aerated system . 

This ensured generation of sufficien t nitrate in the aerobic reactor so that complete 

denitrification would not occur in the anoxic reactor. The ammonia dosing was stopped on 

day 146, 63 days after the 2 - reactor system was set up. From day 147 to day 254, the only 

source of NH4 + to the system was the ammonia component of the influent TKN. On day 206 

the a-recycle ratio was reduced from 3: 1 to 1: 1 in an attempt to reduce the nitrate load on 

the anoxic reactor and thereby reduce the anoxic reactor nitrate and nitrite concentrations. 

On day 254 , a major change was made to the system, so that the period day 84 to 254 , ie 

170 days , constituted the second investigation period, ie operation of the 2-reactor system 

with and without influent ammonia supplementation and high and low a-recycle ratio. The 

changes made to the system during this second investigation period are listed in Table 3.6. 
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Fig 3.12 Schematic diagram of the 2-reactor anoxic aerobic system 
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Tahle 3.5 Operating parameters for the 2-reactor anoxic-aerobic and Control systems. 

I SYSTEM I SF (EXPERIMENTAL) I CONTROL I 
Operating Continously Fed Continuously Fed 
conditions Anoxic - Aerobic 2 Anoxic - Aerobic 2 

reactor system reactor system 

Aeration 30% aerobic I 70% 30% aerobic I 70% 
anoxic anoxic 

Sewage Source Mitchell's Plain Mitchell's Plain 
Raw Raw 

Mass COD fed/d 4000 - 5000 4000 - 5000 

Volume of 10 1 10 1 
Feed(l/d) 

Concentration 400 - 55 0 400 - 550 
(mg COD/ 1) 

Influent TKN 35 - 50 35 - 50 
(mgN / l) 

Sludge Age (days) 15 15 

Reactor Volumes(l) 
Rl ( anoxic) 7 7 
R2 (aerobic) 3 3 

Mass Fractions: 
aerobic 30% 30% 

anoxic 70% 70% 

pH o f mix ed liquor 7.2 - 7.8 7.2 - 7.8 

Recy cle ratios: 
a 3:1 1:1 
s 1:1 1:1 

MLSS Concentration 2000 2000 

VSS Concentration 1500 1500 

Operated from: day 84-472 383-472 
* with ammonia 
dosing 84-146 

* without ammonia 
dosing 147-254 

* high a-
recycle(3:1) 84-205 

* low a-
recycle(l:l) 206-254 383-472 

* auxilliary 
reactor 254-472 
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Table 3.6 Operational changes and problems for 2-reactor system 

DATE DAY NO CHANGE PROBLEM/REASON 

12/ 11 0 Operated as an intermittent aeration 
system 

l5/3 64 Ammonium added to feed 

4/2 83 Operated as 2-reactor anox.-aero. system 
l4/3 121 System cleaned, no wasting 
15/3 122 No wasting 
22-23/3 129-130 No wasting 
8/4 146 Ammonia feed stopped 
1114 149 11 sludge drawn off Batch test 
l2-l3/4 l50-151 No wasting 
l6 /4 154 11 sludge drawn off Batch test 
17-1 8/4 155-156 No wasting 
27/4 165 Sludge sifted Sludge loss (61) due to 

blockage 

29/4 l67 System cleaned, no wasting 
30/4 168 No wasting 
l -5 /5 169-173 No wasting 
12-13 /5 180-18 1 No wasting Spill 11 
15/5 l83 Sludge in settler Pump failure 
17/5 185 Sludge sifted Prevent blockages 
2115 189 Overflow, lOOml loss Blockage 
23/5 191 System cleaned, no wasting 
27 /5 195 21 sludge drawn off Batch test 
31/5 l99 1.21 sludge drawn off Batch test 
l-3 /6 200-202 No wasting 
4/6 203 11 sludge drawn off Batch test 
516 204 11 sludge drawn off 
7/6 206 A recycle change from 3: 1 to 1: 1 
916 208 Oxygen off overnight OUR control box failure 
13 /6 212 11 sludge drawn off Batch test 
14/6 213 11 sludge drawn off Batch test 
15-17/6 215-2 16 No wasting 
2016 219 Sludge sifted Prevent blockages 
1217 241 Sludge sifted Prevent blockages 
l 717 246 System cleaned, no wasting 
l8/7 247 Oxygen off overnight OUR control box failure 
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During the 170 day period the following parameters were measured daily in the system: 

1. Influent (unfiltered) and effluent (fi lter.ed) COD concentrations (Fig 3.13) 

2. Influent (unfiltered) and effluent (filtered) TKN concentrations (Fig 3.14) 

3. Effluent nitrate and nitrite concentrations 

(Fig 3.16) 

4. Anoxic reactor nitrate and nitrite concentrations (Fig 3.17) 

. 
5. Aerobic reactor MLSS and MLYSS concentration (Fig 3.18) 

6. Oxygen utilization rate (OUR) in the aerobic reactor (Fig 3.19) 

7. Sludge settleability as DSVI (Fig 3.20) 

Filament identification was carried out every 2 to 4 weeks. 

The day to day results of the above measurements are given in Appendix 1 and shown 

graphically in Figs 3. 13 to 3.20. 

Results 

N and COD mass balances 

To check the reliability of the experimental data nitrogen(N) and COD mass balances were 

conducted. To facilitate these calculations the data was divided into 3 steady state periods 

(SSP, indicated by vertical lines in Figs 3. 13 - 3.20) taking into account changes in system 

operating conditions and different sewage characteristics (principally the TKN concentration). 

For the 7 sewage batches (marked on the horizontal axis by a * ) used over the 170 day 

period , the influent TKN concentration varied between 40 mgTKN-N/l and 45 mgTKN-N/l 
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(excluding the dosing of 20 mgN/I ammonium). This small variability in influent TKN 

concentration allows the steady state period boundaries to be defined at the times when 

changes to the system operation conditions were made ie. ammonium dosing and changing 

a-recycle ratio. As a consequence only 3 steady state periods need be recognized. 

In the two reactor system it is possible to calculate the nitrogen mass balance because the 

masses of nitrate (and nitrite) generated by nitrification and removed by denitrification can 

be calculated from a nitrate (and nitrite) mass balance over the anoxic and aerobic reactors 

respectively - ie for the two reactor system it is not necessary to assume a 100% N balance 

as needs to be done for the intermittently aerated single reactor system. Details of the N and 

COD mass balance calculations are given in Appendix 2 and the results are listed in Table 

3.4. 

The nitrogen mass balances calculated for the 3 steady state periods are 91. 8, 134. 8 and 

103.6 % respectively giving an average N mass balance for the system of 110%. These N 

balances appear to be acceptable, except for the N balance of steady state period 2, which 

is most likely caused by disturbances when 5 batches of sludge were harvested from the 

system for batch tests over 7 days duri ng this period. 

The COD mass balances calculated for the 3 steady state periods are 71.2 % , 59.5 % and 

76.7%, giving an average COD balance for the 3 steady state periods of 70.6%. The COD 

balances are low, partly due to the abstraction of sludge for batch tests, but not significantly 

lower than the COD balances obtained by Warburton et al. (1992) and Hulsman et al. (1992) 

on N removal systems with large anoxic mass fraction (70%). 

_J 
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System performance - COD remova l 

For the 2-reactor system the average influent and effluent COD concentrations over steady 

state period 1 , 2 and 3 were respectively 560, 482, and 523 mgCOD/l and 83, 64, and 73 

mgCOD/l (see Table 3.7). The average COD removal for steady state periods 1, 2 and 3 are 

thus 85 % , 87% and 86% respectively . The average unbiodegradable soluble COD fraction 

(fus) for the 3 steady state periods is 0.141 mgCOD/mg COD. The average unbiodegradable 

particulate COD fraction (fup) over the 3 steady state periods was also calculated. This was 

done in the same way as described earlier for the intermittent aeration system. In terms of 

this approach the fup values for the 3 steady state periods are 0.043, 0.077 and 0.114 

giving an average value of 0.078. This value compares favourably with that measured in 

similar N removal systems fed Mitchell 's Plain raw wastewater by Hulsman et al. (1992), 

and Warburton er al. (1991 ). 

System behaviour - Nitrification and denitrification 

The influent TKN concentration during the first steady state period of operation ( day 83 -

146 - ammonium added), varied between 60 mgTKN-N/l and 80 mgTKN-N/l, with an 

average of 66 mgTKN-N/l. During thi s period the average effluent TKN concentration was 

11.4 mgTKN-N/l (see Table 3. 7). There are two occasions when there was a sharp rise in 

effluent TKN concentration ie around days 105 and 143 (see Fig 3.14). On the first occasion 

(day 106 to 110), the effluent TKN concentration increased to a value of 35 mgTKN-N/1, 

with a corresponding drop in nitrate concentration (from 20 to 5 mg N03-N/1), due to 

incomplete nitrification. During this time the DO controller/OUR meter had broken down 
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TKN 
Experimental 2RND system 

mgTKN/I 

100 * 
80 

60 
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20 -

* * * SSP2 

Q'--~~~~~~--'~~~~--'-~~-"--~--'-~---'-~-'--~--' 

83 1 03 123 143 163 183 203 223 243 263 

days 

-- TKN (inf) - TKN (eff) * Sewage batch 
Fig 3.14 2RND system influent and effluent TKN concentration 

(SSP = steady state period) 
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System performance -Nitrification & denitrification 
Experimental 2RND system 

mgN/I 
80r-~~~~~~~~-,-~~~~~~~~---.-~~~~~~~~ 

60 

* SSP1 

40 A 
20 

* * SSP2 * * * * SSP3 

o ~~~~~~~~~~--'-~~~~~~~~~-'-~~~~~~~--' 

83 103 123 143 163 183 203 223 243 

days 

-o- N02+N03 generated -Eff.N03+N02 * Sewage batch 

Fig 3.15 Nitrate and nitrite (NOx) generated and effluent nitrate and nitrite (NOx) concentra tion s 
Difference between the two (shaded area) is nitrate + nitrite denitrified 

(SSP = steady-state period) 
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Effl ent Nitrates & Nitrites 
Experimental 2RND system 

mgN/I 

25 * 
SSP1 

20 
* SSP2 * * * SSP3 

123 143 163 183 203 223 243 263 

days 

- N02 --<>- N03 * Sewage batch 

Fig 3.16 2RND system effluent nitrate and nitrite concentrations 

(SSP = steady-state period) 
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Anoxic nitrates and nitrites 
Experimental 2RND system 

10.--~~~~~~~~--,--~~~~~~~~~~~~~~~-, 

* B SSP1 
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* * SSP2 * * * SSP3 * 

o l__~~~__:_;,t_~_:_:_~~~~~~~:w.....:U:===-..L.!±:::~'--~~~~~ 
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days 

- Anoxic nitrite ~ Anoxic nitrate *Sewage batch 

Fig 3.17 2RND system anoxic reactor nitrate and nitrite concentrations 

(SSP = steady-state period) 



Univ
ers

ity
 of

 C
ap

e T
ow

n
mg/I 

3000 ¥ 
SSP1 

2500 

2000 

1500 

1000 

500 -

3.41 

MLSS and MLVSS 
Experimental 2RND system 
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Fig 3.18 2AND system MLSS and MLVSS concentrations 

(SSP = steady-state period) 
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OUR 
Experimental 2RND system 

mgO/l/hr 
1 QOr--~~~~~~~-,--~~~~~~----,~~~~~~--,--~-----, * * * * * * * ¥ ~'. SSP1 SSP2 SSP3 

80 .. . ... . ... ... . . 

60 

40 

20 -

0 '--~~~~~~~-'-~--'--~~""--~--'-''--~-'-~~'---'-~---

83 1 03 123 143 163 183 203 223 243 263 

DAYS 

-- OUR * Sewage batch 
Fig 3.1 9 2R ND system oxygen utilization rate (aerobic reactor) 

(SSP = steady-state period) 
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and as a consequence the DO in the aerobic reactor needed to be manually controlled. This 

proved quite difficult and DO concentration tended to be below 1.0 mg 0/1. This was too low 

to achieve complete nitrification. The same problem arose also on the second occasion (days 

144 and 145) when the effluent TKN concentration also increased to above 25 mgTKN-N/l 

and the effluent nitrate concentration decreased to around 8. 7 mgN03-N/l as a result of the 

incomplete nitrification. Although low on these two occasions the effluent nitrate 

concentration generall y varied between 8 and 15 mgN03-N/l and had an average of 11.1 mg 

N03-N/1. The efflu ent nitrite concentrations varied between 0.4 and 2.6 mgN03-N/l , with 

an average concentration of 1.0 mgN03-N/1. The average concentrations of nitrate and nitrite 

generated (by nitrification) and removed by denitrification during steady state period 1 were 

39 .8 and 28.7 mgNOx-N/l respectivel y (see Table 3.4). 

During steady state periods 2 and 3 (no ammonia dosing) the influent TKN concentration 

varied between 20 and 60 mgTKN-N/ l, with an average of 44 mgTKN-N/l. The average 

T KN concentration fo r steady state per iods 2 and 3 are much lower than during steady state 

period 1, due to a cessation of the 20 mgTKN-N/l ammonia dosing to the influent. The 

effluent TKN concentration remained fa irly steady between 5 and 10 mgTKN-N/l over these 

2 steady state periods, except for sharp increases in concentrations around days 210 and 252 

to 27 and 22 mgTKN-N/I respecti vely . These high TKN concentrations in the effluent were 

caused by overnight aeration equipment failures inhibiting nitrification in the aerobic reactor. 

The average effluent TKN concentrations for steady state periods 2 and 3 are 6.7 and 6.8 

mgTKN-N/l respectively (see Table 3. 7), these values being about 4 mgTKN-N/l lower than 

the steady state period 1 average (11.4 mgTKN-N/I). 
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During steady state period 2 the measured effluent nitrate concentration increased from 

around 7 to 8 mgN03-N/l to around 14 to 16 mgN03-N/1. Effluent nitrite concentrations 

remained below 1 mgN02-N/l and averaged at 0.48 mgN02-N/1. The average concentration 

of nitrate generated and denitrified over this period are 44.1 and 33.9 mgNOx-N/l 

respectively (see Table 3.4). 

At the start of steady state period 3, the a-recycle ratio was reduced from 3: 1 to 1: 1 to 

reduce the nitrate load on the anoxic reactor so that the nitrate and nitrite concentrations in 

the inflow to the aerobic reactor would decrease. The effluent nitrate concentrations remained 

steady between 10 and 15 mgN03-N/I (except for the decreases in concentration on days 208 

and day 247, when overnight aeration fa ilures took place), with an average for the period of 

10.8 mgN03-N/1. The effluent nitrite concentration was somewhat higher for this period, 

with an average concentration of 0. 75 mgN02-N/I. The concentration of nitrate generated and 

denitrified for this steady state period was lower, compared to those for steady state period 

2 and had an averages of 28.5 and 17.7 mgN/l respectively (see Table 3.4). 

System Behaviour - Anoxic reactor nitrate and nitrite concentrations 

Samples for anoxic reactor nitrate and nitrite concentration analysis were taken from the 

system from day 111 (during steady state period 1 - ammonium addition). Nitrate 

concentrations measured in the anoxic reactor during this steady state period (up to day 146, 

- cessation of ammonium addition) show erratic variation of between 0.5 and 7 mgN03-N/1. 

The average concentration of anoxic nitrate during this period is 3.1 mgN03-N/l. (Table 

3. 7). The anoxic reactor nitrite concentrations varied between 0.1 and 2.5 mgN02-N/1. 
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Between days 112 and 120 the nitrite concentration remained between 0.2 and 0.5 mgN02-

N/l. From around day 120 to day 126 the nitrite concentration increased to above 1 mgN02-

N/1. For the remainder of steady state period 1 (day 121-146) the anoxic reactor nitrite 

concentration varied between 0.1 and l. 6 mgN02-N/1. The average anoxic reactor nitrite 

concentration for steady state period 1 is 0.52 mgN02-N/I. 

During steady state period 2 (day 146- 206) the daily anoxic nitrate concentration showed less 

fluctuation. From day 146 to day 170 the anoxic nitrate concentration varied between 0.2 and 

4 mgN03-N/I. From day 170 to the end of the steady state period (day 206), the fluctuations 

in anoxic nitrate concentrations were smaller, and the concentrations lower, between 0.4 and 

2 mgN03-N/I. The average reactor nitrate concentration for steady state period 2 is 1.5 

mgN03-N/I, lower than for period 1, due to removal of the ammonium supplement from the 

feed. The anoxic nitrite concentration generally remained below 0.2 mgN02-N/l from day 

147 to 170, only on days 154 and 162 the anoxic nitrite concentration increased to above 0.2 

mgN0 2-N/I. The anoxic nitrite concentration increased slightly from day 165 to day 168 , and 

showed a sharp increase from around day 171-172. but decreased again on days 173 - 177. 

There were small increases in anoxic nitrite concentration from day 178 to day 183 , but by 

day 185 the concentration had again dropped to below 0.1 mgN02-N/1. The anoxic nitrite 

concentration increased to 0.8 mgN02-N/I on day 192, but decreased again to below 0.1 

mgN02-N/l on the following day. Thereafter up to day 203 a gradual increase in the 

concentration took place, to 0.8 mgN02-N/1. The anoxic nitrite concentration then decreased 

and was low for the rest of the steady state period (day 203 - 205). The average of anoxic 

reactor nitrite concentration during thi s stead y state period was 0.26 mgN02-N/l. 
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During steady state period 3 (day 206-254) anoxic nitrate concentrations remained low during 

steady state period 3, with concentrations varying between 0.2 and 2 mgNOrN/l. The 

average anoxic nitrate concentration for period 3 is 1.3 mgN03 -Nil. The anoxic nitrite 

concentration also remained low, generally below 0.2 mgN02-N/l. However, on 5 of the 48 

days of steady state period 3 (ie days 217, 221, 229, 236, 249) the anoxic nitrite 

concentration increased above 1.0 mgNOrN/l. The average anoxic reactor nitrite 

concentration for steady state period 3 is 0.38 mgN02-N/I, somewhat higher than the average 

concentration for steady state period 2. 

In conclusion the average anoxic reactor nitrate and nitrite concentrations for steady state 

periods 1, 2 and 3 are 3.2, 1.45, and 1.29 mgN03-N/l and 0.52, 0.25 (including the high 

values of 1.8 mgNOrN/l on day 163 and 164) and 0.38 mgN02-N/l respectively; ie each 

progressively decreasing (albeit very slightly) with removal of the ammonium supplement 

(steady state period 1 to 2) and reduction of a-recycle ratio (steady state period 2 to 3). 

System behaviour - DSVI 

When the system configuration was changed to a two reactor anoxic-aerobic system on day 

84, with addition of ammonia to the feed, the DSVI initially increased gradually over 29 days 

from 215 to 243 (Fig.3.20). Thereafter the DSVI decreased over a period of 19 days of 

operation to a value of 126 ml/g on day 111. During this period the dominant filament 

present in the system was 0041 (see Fig 3.20 and Table 3.8). After day 111 the DSVI 

increased sharply over 10 days to between 280 and 320 ml/g (see Fig 3.21 with DSVI and 

anoxic reactor nitrite concentration versus time). From day 120 to 135 the DSVI fluctuated 
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Experimental 2RND system 
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pr:e_s~nt_: ~ ._p;l rv_ip~l,1;1, 
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. 2' : 0041 
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Fig 3.20 2RND system daily sludge settleability as DSVI 

223 243 263 
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Tahle 3. 7 Steady state period averages for the 2-reactor Experimental system 

STEADY STATE PERIOD l PERIOD 2 PERIOD 3 
PERIOD (day 83-146) (day 147-205) (day 206-254) 
AVERAGES 

vss 1388 mg/I 1342 mg/I lS89 mg/I 

TSS 1675 mg/I 1573 mg/I 1834 mg/I 

COD( inf) 560.6 mg/I 482. l mg/I 522.9 mg/I 

COD(eff) 83.5 mg/I 63.7 mg/I 72.6 mg/I 

f"" 0.043 0.077 0.114 

f"' 0.148 0.132 0.139 

TKN(in f) 66.4 mg/I 44 .4 mg/I 44.4 mg/I 

TKN(eff) 11.4 mg/I 6.7 mg/I 6.8 mg/I 

Nitrate(eff) 11.10 mg/I 10.28 mg/I 10.80 mg/I 

Ni Irate( an ox ) 3.14 mg/I 1.45 mg/I 1.29 mg/I 

Nitrite(eff) 1.047 mg/I 0.475 mg/I 0.75 mg/I 

Nitrite(anox) 0.516 mg/I 0.256 mg/I 0.375 mg/I 

DSVI 256 ml/g 236 ml/g 191 ml/g 

OUR 38 .7 mg/I/hr 27 .2 mg/I/hr 34. 92 mg/I/hr 
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DSVI and Anoxic Nitrite 
Experimental 2RND system 

DSVI ml/g mgN/I 
SOOr--~~~~~~~~-.--~~~~~~~---.-~~~~~~~5 

* SSP1 * 

200 

* SSP2 * * * * SSP3 

oL-~~_;_~~.w..__~~-'--l---~~~~--!--=.:.._~_;J....._---=-=-----'----'-'_;_-'-__,0 

83 103 123 143 163 183 203 223 243 

days 

-<r DSVI - Anoxic N02 * Sewage batch 

Fig 3.21 2RND system DSVI and anoxic nitrite concentration 

{SSP = steady-state period) 

Table 3.8 Filamentous organism identifications - day 83 to 247 

Date Day Dominant Secondary Other 

20/2/91 99 0041 - M.parvicella 
S.narans, 
1851 ,0092 

2/4/91 140 0041 M. pa rvicella S.natans 
021N,0092 

10/5/91 178 0803 0041 H. hydrossis 
0092 

11/6/91 210 0961 1851 ,0041 Thiorhrix, 
0092,0803, 
H. hydrossis 
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around 300ml/g and from day 134 to the end of steady state period 1 (day 146) the DSVI 

increased to 445 ml/g. Filament anal yses done during this period indicated the presence of 

the low F/M filaments 0041 as the do minant filament in the system and M. parvicella as the 

secondary filament (see Table 3.8). During this period the anoxic reactor nitrite concentration 

was generally above 0.5 mgNOrN/1. 

On day 146 the ammonium supplement to the feed was terminated (steady state period 2). 

This resulted in lower anoxic reactor nitrite concentrations. The DSVI dropped from a value 

of 445 ml/g to a value of 251 on day 147. Thereafter the DSVI continued to decrease, 

reaching a value of 160 ml/g on day 161. From day 161 to day 209 the DSVI increased 

gradually, remaining above the level of 200 ml /g. At this stage the dominant filament species 

was 0803, with 0041 as secondary fil ament (see Table 3.8). From day 164 to day 173 the 

DSVI increased to 234 ml/g, which seemed to correspond to slight increases in anoxic 

reactor nitrite concentration during thi s time. The sharp increase in DSVI on days 171-172 

(to 368 ml/g) also seems to correspond to a sharp increase in anoxic nitrite concentration on 

these days. Small increases in anoxic nitrite concentration on days 178-183 coincide with a 

increase in DSVI over these days. Subsequent decreases and increases in anoxic reactor 

nitrite concentration for the rest of the steady state period , such as the increase from day 193 

to day 203, seem to be mirrored in the performance of the DSVI, where the DSVI increased 

from around 180 to over 300 ml/g. 

In an attempt to reduce the anoxic reactor nitrite concentration, the inter- reactor recycle ratio 

(a-recycle) was decreased from 3: I to 1: I on day 206 thereby reducing the nitrate /nitrite 

load on the anoxic reactor. The DSVI initially increased from 233 to 400 ml/g on day 208. 
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By day 216 the DSVI had decreased to below 200 ml/g. At the start of this steady state 

period till day 215 the anoxic reactor nitrite concentration remained fairly low, around 0.1 

mgN02-N/l. From day 225 the DSVI again showed a tendency to increase, reaching a value 

of 240 ml/g on day 229. This increasing tendency in DSVI may have been caused by high 

anoxic reactor nitrite concentrations between day 216 and day 230. From day 244 the DSVI 

decreased, from 166 to 127 ml/g on day 245. From day 246 until the end of steady state 

period 3 (day 254) the DSVI increased to 240 ml/g. The anoxic reactor nitrite concentrations 

during this steady state period displayed a somewhat erratic fluctuation from day to day, 

probably due to perturbations in system operation during this steady state period, making it 

difficult to see much correlation between anoxic nitrite concentration and DSVI here. Figure 

3.21 shows the DSVI and nitrite concentrations versus time during the 3 steady state 

periods , with filament identification indicated as well. 

3.2.3 Modified two reactor anoxic-aerobic system 

In the above experiments, although removing the influent ammonium dose and reducing the 

mixed liquor a-recycle ratio , had the desired effect of red ucing the anoxic reactor nitrate and 

nitrite concentrations (by reducing the nitrate load on the anoxic reactor to be denitrified), 

some nitrate and, more importantly , nitrite remained . These remaining concentrations of 

nitrate and nitrite were quite low (around 1.0 mgN0 3-N/I and 0.5 mgN02-N/l) but possibly 

not quite low enough to control the bulking by the low F/M filaments. It is somewhat 

perplexing also that the reduction in mi xed liquor a-recycle ratio did not reduce the nitrate 

and nitrite concentrations to lower val ues than recorded. In view of this, it was decided to 

introduce into the system a strong denitrification reaction just prior to entry to the aerobic 
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zone. This was done by introducing a small anoxic reactor receiving a 10% influent feed 

bypass between the anoxic and aerobic rectors . It was hoped that with this reactor and feed , 

the nitrate and nitrite concentrations entering the aerobic zone could be reduced to below 

detectable levels and lead to a stronger influence of low F/M filament and DSYI control. 

On day 254 an auxiliary reactor was added to the system between the anoxic and aerobic 

reactors , this reactor having a volume of 500 ml and receiving a bypass of I l/d of the 101/d 

daily influent feed (see Fig 3.22). Later, on day 384, to compare the effect of this anoxic 

auxiliary reactor, a second 2 reactor anoxic - aerobic system without the auxiliary reactor 

was started up to serve as a Control system. This Control system had the identical system 

parameters and operating conditions as the experimental system , but did not include the 

auxiliary reactor. 

Over the 216 day period from day 255 to 471 the foll owing parameters were measured daily 

in the Experimental and Control systems: 

1. Influent (unfiltered) and eftluent (fi ltered) COD concentrat ions (Fig 3.23 and 3.33) 

2. Influent (unfiltered) and effluent (fi ltered) TKN concentrations (Fig 3.24 and 3.34) 

3. Effluent nitrate and nitrite concentrations (Fig 3. 26 and 3.35) 

4. Anoxic reactor nitrate and nitrite concentrations(Fig 3.27 and 3.36) 

5. Auxiliary anoxic reactor nitrate and nitrite concentrations on Experimental system(Fig 

3.28) 

6. Aerobic reactor MLSS and MLYSS concentrations (Fig 3. 29 and 3.37) 

7. Oxygen utilization rate (OUR) in the aerobic reactor (Fig 3.30 and 3.38) 

8. Sludge settleability as DSYI (Fig 3.3 l and 3.39) 
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Fig 3.22 Schematic diagram of the Modified 2-reactor anoxic aerobic system 
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Tahle 3.9 Operational changes and problems for modified 2-reactor system 

DATE DAY NO. CHANGE PROBLEM/REASON 

2517 254 500ml Auxiliary anoxic reactor receiving 11 of Improve deni tri fication 
daily feed adt.led to system 

30/8 290 System cleaned, no wasting 
3 1 /8 291 500rnl sludge loss Blockage 
l -2/9 292-293 No wasting 
519 296 No feed and aeration Power failure 
19 /9 310 11 sludge drawn off Batch test 
2619 317 Aerat ion off overn ight.sludge in settler OUR control box failure , 

settler motor failure 
l/10 322 11 sludge drawn off Batch test 
10/lO 331 11 sludge drawn off Batch test 
12/ 10 333 11 sludge draw n off Batch test 
17 /1 0 338 Algae in system 
l 8/lO 339 Sludge in sett ler 
22 / 10 343 ll slut.lge drawn off Batch test 
25 1 l l 377 No feed Pump relay burnt out 

Ensure both systems have 
2112 384 Slut.lge mi xed wi th control system sludge same mass of sludge 
311 2 385 System cleaned. no wasting 
7/ 1 .no System cleanet.l . no was ting 
1412 458 Slut.lge sifted 
2612 -HO Sludge loss - 41 Blockage 
2712 471 System cleanet.1 
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Filament identification was carried out every 2 to 4 weeks. 

The results of the above measurements are li sted in Appendix 1 and shown graphically in 

Figs 3.23 to 3.39. The changes made to the systems and operational problems encountered 

are listed in Table 3.9. 

System behaviour - Nitrogen and COD mass balances 

To check the reliability of the experimental results N and COD mass balance checks were 

conducted. Details of the N and COD mass balance calculations are given in Appendix 2. 

To facilitate the mass balance calculations the experimental data need to be divided into 

steady state periods to take account of di fferent sewage characteristics (principally the TKN 

concentration ) and system operating condit ions . For the 2 16 days the Experimental system 

was operated, the influent TKN concentration fo r the different sewage batches varied 

between 30 and 70 mgTKN-N/l (Fig 3.24) . 17 sewage batches were fed , the commencement 

of which is indicated in Figs 3.23 - 3. 39 by a * near the top horizontal axis. The variations 

in the influent TKN concentration allow di vision of the data into 3 steady state periods (SSP, 

indicated by vertical lines in Figs 3.23 - 3.39) , ie steady state period 1 day, 254 to day 360; 

steady state period 2, day 360 to 347; and stead y state period 3, day 447 to day 472. For the 

3 steady state periods the N balances are (l ) 104.2 %, (2) 104.5 % and (3) 78.5% respectively 

(average for the 3 periods-95.7 %). The COD mass balances for the three steady state periods 

are 43.2%, 63.0 % and 68.3 % respecti ve ly, givin g an average for the three periods of 58.2 

% . These COD mass balances are very low, and can be attributed to variations in the volume 

and sludge concentration caused by bloc kages and in particular for the first steady state 
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period, abstraction of sludge for batch test purposes, which was not returned to the system. 

(see Table 3.4) 

The data of the Control system were divided into two steady state periods which 

corresponded to the steady state periods of the Experimental system because both systems 

received the same influent sewage ie period 2 day 360 to day 447 and period 3 day 448 to 

day 472 (Note, no steady state period 1 exists because the Control system steady state periods 

were numbered the same as the corresponding Experimental steady state periods). The N 

balances for the two steady state periods are 102.1 %, and 89 .9 % for steady state periods 2 

(day 383 to 447) and 3 (day 448 to 472) respec ti vely, giving an average N balance for the 

system of 95 % . The N balances of the control syste rn for steady state periods 2 and three are 

very similar to those of the Experimental system for the same periods. The COD balances 

of the Control system for the two steady state periods 2 and 3 are 67.5%, and 79.2 % giving 

an average of 73 .3% . These values for the COD balance also are very low , but are better 

than those obtained for the Experimen tal syste rn (see Table 3.4). 

System behaviour - COD removal 

On average COD removal for the modi fied 2-reacto r( or Experimental) system remained 

high. For the three steady state periods the average COD removals were 89% (average 

influent COD - 512 mgCOD/l; average e ftluen t COD 55 mgCOD/ l), 87 % (average influent 

COD 511 mgCOD/l ; average effluent COD 65 mgCOD/ l) and 82 % (average influent COD 

of 427 and average effluent COD of 76 mgCOD/ I) respectively. The fus values for the three 

steady state periods are 0.107, 0.127 and 0.172 respect ively . Calculation of the fup fraction 
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COD 
Experimental system 

mg COD/I 
100Qr--~~~~~~~~~-----.~~~~~~~~--,.~----, 
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800 a 

394 414 434 454 

days 

-+-COD (inf) - COD (eff) * Sewage batch 

Fig 3.23 Modified anoxic-aerobic system influent and effluent COD concentrations 

(SSP = steady state period) 
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T 
Experimental system 

mg TKN/I 

1 00 * ** * ~ * * * * * * * * * * SSP1 SSP2 SSP3 
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o ~ 
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-- TKN (inf) - TKN (eff) * Sewage batch 

Fig 3.24 Modified anoxic-aerobic system influent and effluent TKN concentration 

(SSP = steady-state period) 



Univ
ers

ity
 of

Cap
e T

ow
n

3.59 

ystem performance -Nitrification & denitrification 
Experimental system 

mgN/I 
1 0Q r--~~~~~~~~~~~-,-~~~~~~~~~--.--~~ 

80 

60 

* ~* * * * SSP1 * * * * * * * SSP2 * * SSP3 
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Fig 3.25 Modified 2-reactor system nitrification and denitrification performance 
Shaded area indicates nitrate + nitrite (NOx) denitrified 
(SSP = steady-state period) 
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Fig 3.26 Modified anoxic-aerobic system daily effluent nitrate and nitrite concentrations 

(SSP = steady-state period) 
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for the 3 steady state periods (see Appendi x I) gives values of (1) 0.0 , (2) 0.065 and (3) 

0. 088 respectively (see Table 3.11). Interes tingly, these fup values are very low compared to 

modified UCT nutrient removal systems operated on the same wastewater in the laboratory 

at the time of these experiments; in the MUCT sys tems the fup were between 0.20 to 0.40 

depending on whether the systems bulked or not (Cl ay ton er al. , 1989; Musvoto er al. , 

1992) . 

The average infl uent and effluent COD 's (Fig 3.33) fo r the Control system for steady state 

periods 2 and 3 are 515.7, and 434.7 mgCOD/l and 80.6, and 52.8 mgCOD/l respectively. 

Th is gives average COD removals for steady state periods 2 and 3 of 84 %, and 88 % 

respectively. The average unbiodegradab le soluble COD fractions (fus) were 0.156 (steady 

state period 2) and 0. 121 (steady state period 3), and the unbiodegradable particulate 

fractions (fup) were 0.077 (steady state period 2) and 0. 144 (steady state period 3) , these 

val ues being fai rly similar to those obtai ned in the Experimental system during the steady 

state period 2, but diffe ring in steady state peri od 3. the fu, value in the Control system bei ng 

sli ghtly lower, and the fur bei ng higher than th ose values in the ex perimental system. 

System behaviour - Nitrification and denitrification 

Experimenral Sysrem 

The average infl uent TKN concentration fo r steady state period 1 was 47.0 mgTKN-N/l, and 

the average effluent TKN concentrat ion was 7.0 rn gTKN-N/1. There are sharp increases in 

effluen t TKN concentration from days 294 to ?.97, probabl y due to a corresponding sharp 
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increase in influent TKN concentration these days . The influent TKN on these days was 

about 60 mgTKN-N/l, while the effluent TKN concentration was just over 20 mgTKN-N/l. 

On days 328, 336 and 337 the effluent TKN concentrations also increased to around 20 

mgTKN-N/l. These high effluent TKN concentrations seem to correspond mostly with high 

influent TKN concentrations on these days which is indicative of the system operating close 

to the minimum sludge age for nitrification (exacerbated by small variations in aeration and 

hence DO concentration in the aerobic reactor). Thi s is confirmed in that for u011120 = 0.36/d 

and a 70 % anoxic mass fraction the minimum system sludge age for nitrification at 20°C is 

14. 7 d, where the system sludge age is 15 d. 

From day 254 , the effluent nitrate concentration increased to 15 mgN03-N/I on day 266, 

thereafter declining to a concentration of 6 mgN0 3-N/I on day 278 . The nitrate concentration 

then increased to a concentration of 2 I .5 rn gN0 3-N/1. During this time the nitrite 

concentration decreased from 0. 75 rn gN02-N/I on day 270 to 0.07 mgN02-N/l on day 304. 

The ni trite concentration then increased to a relat ively high concentration of between 0.8 and 

3. 2 mgN02-N/l from day 318 to day 346 . The concentrations of nitrate plus nitrite(NOJ 

generated and deni trified for steady state period 1 are 35.1 and 22.4 rngNo x- N/l respectively . 

In fl uent TKN concentrations during steady state period 2 varied between 20.0 and 50.0 

mgTKN-N/l, with an average for the period of 39 .2 mgTKN-N/l. At the start of the steady 

state period 2 unusually high TKN values were recorded (80 mgTKN-N/l , days 361-362), 

but can probably be regarded as outlie rs, as can the low values of around 20.0 mgTKN-N/l 

on days 379-380. From around day 432 infl uent TKN values remained fairly steady above 

40.0 mgTKN-N/l to the end of the steady state period . Effluent TKN concentrations were 



Univ
ers

ity
 of

Cap
e T

ow
n

3.63 

Anoxic nitrates and nitrites 
Experimental system 
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, ig 3.27 Modified anoxic aerobic system daily anoxic reactor nitrate and nitrite concentrat ions 

(SSP = steady-state period) 
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Anoxic nitrates and nitrites 
Experimental system - auxiliary reactor 
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Fig 3.28 Modified anoxic-aerobic system daily auxiliary anoxic reactor nitrate 
and nitrite concentrations 
(SSP = steady-state period} 



Univ
ers

ity
 of

Cap
e T

ow
n

3.65 

M SS a M VSS 
Experimental system 

(mg/I) 

3000 ¥ ¥¥ ¥ ¥ * * * * ¥ ' ¥ * * * * SSP1 SSP2 SSP3 
25 00 

2000 - · . . . . .. - -

0'--~~~~~~~~~~~-'--~~~~~~~--'-~'--~-"' 

254 274 294 314 33 4 354 374 394 414 434 454 

days 

-- M LS S - M LVS S * Sewage batch 

Fig 3.2 9 Modified anoxic-aerobic system MLSS and MLVSS concentrations 

(SSP = steady-state period) 
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Fig 3.30 Modified anoxic-aerobic system OUR (aerobic reactor) 

(SSP = steady-state peri od) 
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Fig 3.31 Modified anoxic- aerobic system DSVI 

(SSP = steady-state period) 
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DSVI and Auxill iary Nitrite 
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Fig 3 .32 Mo di f ie d 2 reactor system DSVI and auxiliary anoxic nitrite conce ntration 

(SSP = steady-state period) 
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mostly below 10 mgTKN-N/l with an average for the period of 6.4 mgTKN-N/1. 

Effluent nitrate concentration during stead y state period 2 varied between concentrations of 

15.0 and 5.0 mgN03-N/l (average 9.9 mgN03-N/I for period 2). From day 385 to day 402 

the nitrate concentration declined fro m 14.4 to 9 .3 mgN03-N/1. The nitrite concentration 

increased briefly to levels of above 1 mgN03-N/I from day 386 to day 393 (average nitrite 

concentration for period 2: 0.5 mgN02-N/I). From day 420 to 426 the effluent nitrate 

concentration declined from 12.8 to 4.5 mgN03-N/1. Over this period the effluent nitrite 

concentration increased from 0. 7 to 1 mgN02-N/1. The concentration of nitrate then increased 

from day 427 to day 440 to a concen tration of 11.4 mgN03-N/l on day 440. The average 

nitrate/nitrite concentrations generated and denitrified for this steady state period are 25.4 and 

15. 6 mgNOx-N/l, influent respectivel y. 

A lower influent TKN concentration during steady state period 3 (average 35 mgTKN-N/l) , 

and a high effluent TKN concentration during this period seem to indicate incomplete 

ni trification, especially from day 454 to day 457, where the effluent TKN was high (above 

10 mgTKN-N/l) , and the effluent nitrate concentration low (below 5 mgN03-N/l). The mass 

of nitrate generated during this period (Table 3.4) shows a much lower value (12.9 mgN03-

N/l influent) than that for period 2 (26 .0 mgN03-N/l influent). The average effluent nitrate 

concentration was 4.7 mgN03-N/I, wh ich also is lower than the average for period 2. The 

average concentration of nitrate plus nitri te deni trified for steady state period 3 was 8.3 

mgNOx-N/l influent , with an average of 11. 9 mgNO,-N/ I generated 

Control sysrem 
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Influent TKN concentration (Fig 3.34) during steady state period 2 of the Control system 

(day 383 to day 447)varied between 27.0 and 47.0 rngTKN-N/1 with an average of 37.7 

mgTKN-N/I for the period. Effluent TKN concentrations were generally low ( < 10 mgTKN­

N/I) during this steady state period, giving an average effluent TKN of 4.9 mgTKN-N/1. 

Effluent nitrate concentrations varied between 10 and 4 mgNO,-N/I with an average for the 

period of 8.5 mgNO,-N/1. Effluent nitrite concentrations were generally low, having an 

average concentration of 0.62 mg NO,-N/l for steady state period 2. The average 

concentrations of nitrate plus nitrite (NO,-N/ l) generated and denitrified for steady state 

period 2 are 24.2 mgNO,-N/l and 15 . 7 rn gNO,-N/l respectively. 

The influent TKN concentration was lower during steady state period 3 of the Control system 

- around 32 to 36 mgTKN-N/l giving an average of 34.2 rngTKN-N/1. The average effluent 

TKN concentration for this steady state peri od is 6.2 mgTKN-N/1. Effluent nitrate 

concentrations varied between 1.4 and 8 rn gNO_,-N/ I, with an average effluent concentration 

of 4.9 1 mgN03-N/1. The nitrite concentration in the effluent varied between 0.3 and 1.5 

mgN0 2-N/1 , with an average of 0. 98 rngN02-N/l for steady state period 3. The average 

concentration of nitrate plus nitrite (NO,-N/I) generated and denitrified for this steady state 

period was 14.3 mgNO,-N/I and 9.4 rn gNO,-N/I respectively . 

The nitrification performance of the Contro l syste m thus appears to be simi lar to that of the 

Experimental system for the same periods of operation. 

System behaviour - Anoxic reactor nitra te and nitrite concentrations 
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Experimenral Sysrem 

Nitrate concentrations in the anoxic reactor (Fig 3.27) remained mostly between 0.5 and 2 

mgN03-N/I during the first steady state period (steady state period 1 - day 254 to day 360). 

Between days 301 and 312 the anoxic nitrate concentration was high(> 2 mgN03-N/1), due 

to losses of sludge caused by blockages and abstractions of sludge for batch test purposes 

during this time. 

From day 360, the start of steady state period 2, the anoxic nitrate concentration remained 

relatively low, below 0.5 mgN03 -N/1, except for some days between days 374 and 390 and 

single high values on days 417, 440, and 447 , where the anoxic reactor nitrate concentration 

increased to over 2 mgN03-N/1. 

The pattern of anoxic reactor nitrate concentra ti ons of steady state period 3 was similar to 

that of steady state period 2. The concentration of nitrate in the anoxic reactor did not 

increase above 0.45 mgN03-N/I, except on day 461, where it was measured at 2.72 mgN03-

N/ l. The average concentrations of nitrate in the anoxic reactor for steady state periods I , 

2, and 3 are 1.9, 1.2, and 0.4 mgN03-N/I respecti ve ly. 

The nitrate concentration in the auxiliary anoxic reactor was generally low during steady state 

period 1, usually not exceeding 1.1 mgN03-N/1. Around days 300-311, the concentration 

increased to about 1.8 mgN03-N/I, exceed ing 2 rngN03-N/1 on some days, due to lower 

sludge concentrations caused by sludge abstracti ons and losses due to blockages. The average 

auxiliary anoxic reactor nitrate concent rati on fo r steady state period 1 was 0.97 mgN03-N/1. 

During steady state period 2 the aux iliary anoxic nitrate concentration tended to fluctuate 
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between 0.4 and 2 mgN03-N/I. The average nitrate concentration in the auxiliary anoxic 

reactor during this steady state period was 1. 37 mgN03-N/I. For most of the third steady 

state period the auxiliary anoxic reactor nitrate concentration fluctuated between 0.1 and 1. 7 

mgNOrNll , the average being 0. 71 mgN03-N/I. 

Anoxic reactor nitrite concentrations during the first steady state period varied between 0.1 

and 0.5 mgN02-N/1, with some high values between 0.5 and 1.0 mgN03-N/1 between day 

300 and day 314 due to disturbances in unit operation (see Table 3. 9). Nitrite concentrations 

in the anoxic reactor were low at the start of steady state period 2 - around 0.2 mgN02-N/I. 

From around day 374 the nitrite concentration in the anoxic reactor showed an irregular 

increasing tendency , generally bei ng hi gher th an 0.5 mgN02-N/I from day 384 to day 393. 

Thereafter fo r the remaining part of steady state period 2 (day 394 - 447), the nitrite 

concentration remained below 0. 2 mgN02-N/ I with specific high values greater than 0 .5 

mgN0 2-N/l on days 418 and 445. Du ring steady state period 3 (day 448 - 464) the nitri te 

concentration remained below 0 .2 mgN02-N/ I. The average nitrite concentration in the 

anoxic reactor for steady state periods I , 2, and 3 were 0.50 , 0.23 , and 0.13 mgN02-N/l 

respectively . 

Nitrite concentrations in the auxiliary anoxic reactor (measured from day 261 in steady state 

period 1) remained relatively low , aro un d 0.15 mgN02-N/ l, but increased sharply from 

around day 300, showing a similar trend toward higher concentrations between days 300 to 

320 as the main anoxic reactor nitrite concent rati on. The nitrite concentration in the auxiliary 

anoxic reactor varied between 0. 2 mgN02-N/l to 1.4 mgN02-N/l during the second steady 

state period. During the third steady state period the aux ili ary reactor nitrite concentration 
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Fi g 3.33 Control system infl uent and effluent COD concentrations 

(SSP = steady-state period) 
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Fig 3.34 Control system influent and effluent TKN concentrations 

(SSP = steady-state period) 
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ig 3.35 Control system effluent nitrate and nitrite concentrations 

(SSP = steady-state period} 
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ig 3.36 Control system anoxic reactor nitrate and nitrite concentrations 

(SSP = steady-state period) 
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Fig 3.38 Control system oxygen utilization rate (OUR) 

(SSP = steady-state period) 
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Fig 3.39 Control system DSVI 
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ystem performance - Nitrification and denitrifica ior 
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(SSP = steady-state period) 
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DSVI and Anoxic nitrite 
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ig 3. 4 1 Control system DSVI and anox ic reactor nitrite concentration 

(SSP = steady-state period) 

Table 3 .10 Fi lamentous organism identifications - Control system 

Date Day Dom inant Secondary Other 

111 2/9 1 383 004 1 0092 H. hyd ross is, 
1851 , 1851 , 
021 N 

30/ l /92 443 004 1 H. hydrossis 0092 , 0803, 185 1 
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showed no significant increase, and remained relatively low between 0.1 and 0.3 mgN02-

N/l. The average auxiliary reactor nitrite concentrations for steady state periods 1, 2 and 3 

were 0.30 , 0.31, and 0.16 mgN02-N/l respectively. (see Table 3.1 la) 

Control System 

Anoxic reactor nitrate concentrations (Fig 3.36) in the Control system were generally low, 

below 0.5 mgN03-N/l for both steady state periods , except for a few single values. The 

average concentrations of anoxic nitrate were 0.43 and 0.14 mgN03-N/I for steady state 

periods 2 and 3 respectively, lower than those values in the experimental system at the same 

times. 

Anoxic reactor nitrite concentrations (Fig 3. 36) were also low in the Control system , 

generally around 0.1 mgNOrN/l for all three steady state periods. The average anox1c 

reactor nitrite concentrations were 0.18 and 0. 12 mgNO~-N/ I for steady state periods 2 and 

3 respectively. 

· Concentrations of both nitrate and nitrite in the anoxic reactor of the Control system seemed 

to be slightly lower than those of the Experimental system during the same period. 
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System behaviour - DSVI 

Erperimenral Sysrem 

Although the DSVI (Fig 3.31 and 3.32) showed a sharp increase to 329 ml/g (day 256) 

immediately after the installation of the auxiliary anox ic reactor in the system on day 254, 

the DSYI declined from 240 ml/I to below 90 ml /g over 25 days to day 276. The dominant 

filament species present at this time was 0092, with H hydrossis present as secondary 

filament. From day 279 the DSVI increased reaching 300 ml /g on day 299, and thereafter 

until day 319, fluctuated between 250 and 210 ml /g. During the same time the auxiliary 

anoxic reactor nitrite concentration increased si gnificantly from 0.1 to 1.0 mgN02-N/1. From 
• 

day 320 to day 342 the DSYI increased sharply from around 200 ml /g to 437 ml/g while the 

auxiliary reactor nitrite concentration dec reased from around 1 to 0.1 mgN02-N/I. From day 

342 to day 354 the DSYI decreased from 437 to 200 ml/g while the auxiliary anoxic nitrite 

concentration showed an increas ing tendency from 0 .1 to 0.6 mgN02-N/1. 

From day 356 to 376 the DSVI remained stable at around 200 ml /g and the auxiliary anoxic 

reactor nitrite concentration decreased from 0.8 to 0.2 mgN02-N/1. Thereafter both the DSVI 

and the auxiliary anoxic reactor nitrite concentration increased simultaneously over a period 

of 20 days, the DSYI from 200 ml /g to over 600 ml /g and the nitrite concentration from 0.2 

to around 1 mgN02-N/I. In the following 22 clay period (day 396 to 418), the DSVI and 

auxiliary anoxic reactor nitrite concentrat ion also behaved similarly, both declining , the 

former from 600 ml/g to 150 ml/g and the latte r fro m 1.6 to 0.1 mgN02-N/1. The DSVI then 

increased again from 150, reaching 300ml /g on day 448, although the anoxic nitrite 
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Table 3.11 Steady state period averages for the Modified 2-reactor Experimen tal system 
and Control system 

STEADY STATE PERIOD l PERIOD 2 PERIOD 3 
PERIOD (day 255-360) (day 361-447) (day 448-472) 
A VERAGES(EXP. 
SYSTEM) 

VSS 1030 mg / I 1378 mg/I 11n mg/I 

TSS 1201 mg/I 1594 mg/I 1394 mg/I 

COD(inf) 512.9 mg/I 510.7 mg/I 426.6 mg/I 

COD (eff) 54 .9 mg/ I 65.0 mg/ I 73.5 mg/I 

f.., 0.0 0.065 0.088 

f~ 0.107 0 . 127 0.172 

TI<N(inf) 46.99 mg/I 39 .23 mg/I 35.24 mg/I 

TI<N(eff) 7.02 mg/I 6 .39 mg/I 7.9 mg/I 

Nitrate( eff) ,12.66 mg / I 9.85 mg/ I 4.68 mg/I 

Nitrate(aoox) l.86 mg/I l.17 mg/ I 0.357 mg/I 

Nitrite(eff) 0.84 mg/I 0.53 mg/I 0.61 mg/I 

Nitrite(anox) 0.50 mg/I 0 .23 mg/I 0. 13 mg/I 

DSVI 209 ml/g 324.7 ml/g 249 ml /g 

OU R 22.4 mg/I /h r 26.7 mg/I/h r 18 .8 mg/I/hr 

(CON.SYSTEM) PERIOD 2 PERIOD 3 
(da y 383-447) (day 448-472) 

vss 140 1 mg/I 1440 mg/I 

' TSS 1626 mg/I 1683 mg/I 

COD( in f) 515 . 7 mg / I 434 .5 mg/I 

COD(eff) 80.6 mg /I 52.8 mg/I 

f"' 0.077 0.144 

f~ 0. 156 0.121 

TK.N(inf) 37 .7 mg / I 34 .2 mg /I 

TK.N(eff) 4 .9 mg / I 6.2 mg /I I 
Nitrate(eff) 8. 51 mg /I 4.91 mg/1 

Nitrate(anox) 0.43 mg/I 0. 14 mg /I 

Nitnte(eff) I 0.62 mg/I 0.98 mg/I 

Nitri te(anox) 0 . 18 mg /I 0.12 mg /I 

DSV I I 287 ml /g 254 ml/g 

OUR 2 7 mg /Ith 26 mg/Ith 

Table lla Steady state period averages fo r the Modified 2-reactor Experimental system(anoxic 
reactor nitrate and nitrite concentrations). 

STEADY ST A TE PERIOD I PER IOD 2 PERIOD 3 
PERIOD (day 255-360) (day 361-447) (day 448-472) 
A VERAG ES(EXP. 
SYSTEM ) 

Nitrate (aux) 0.965 mgN /I I I.374 mgN/I 0.708 mg N/I 

Nitnte (aux ) 0. 302 mgN /l 0.308 mgN / I 0 . 163 mgNll 
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concentration showed no significant increase above 0.20 mgN02 -N/1. During steady state 

period 3 (day 448 - 472) the DSVI declined from 300 ml/g to 225 ml/g while the auxiliary 

anoxic nitrate and nitrite concentration was low, between 0.1 and 0.3 mgN02 -N/1. With the 

lower TKN concentration in the feed the anox ic nitrite concentration was low, and the DSVI 

decreased to below 250 ml/g. 

Conrrol System 

The DSVI in the Control system (Fig 3.39) was high during the first half of the steady state 

period 1, increasing around 500 - 700 ml /g. During steady state period 2 the DSVI increased 

to around 250 ml /g, and remained between 250 - 300 1111 /g during steady state period. The 

DSV I of the Control system behaved in much the sa me manner as that of the experimental 

system during the same time period of operat ion. 

3.3 STATISTICAL ANALYSIS OF EXPERll\IE!\'TAL RESULTS 

3.3.1 Introduction 

In order to clarify the relationship between anox1c nitrite and nitrate concentrations and 

DSVI, a statistical analysis was carried ou t on the relevant data. This took the form of a 

correlation analysis on the DSVI and ni trate/nitrite res ults in the anoxic reactor preceding the 

aerobic reactor. For interest correl ati ons bet\\'een DSVI and effluent nitrate and nitrite 

conentrations were also done , as wel l as between nitrite and nitrate concentrations themselves 



Univ
ers

ity
 of

Cap
e T

ow
n

3.87 

3.3.2 Procedure 

The correlation analysis was carried out by computer, using the Statgraphics software 

package, (Statistical Graphics Corporation, 1988). Using the correlation function , ie. 

r= :E (X-X) ( Y-Y) 

):E (X- X) 2 ~ ( Y- Y) 2 

the correlation coefficient (r) is calculated, X being the value of the independent variable (eg. 

N02) and Y being the value of the dependent variable (ie. DSYI). The results are presented 

as a matrix cross correlating the input va riables. To test the validity of the correlation 

coefficient, the significance, s, is determined using Student's t distribution by computing the 

t statistic for the correlation using the equation: 

t = r 

~ 
~~ 

where t= number of standard deviations r (correlation coefficient) is from 0, and n is the 

sample size. This t-statistic is then inserted into the formulation for the t-distribution from 

which the significance level s is calcu lated. An s value of < 0.05 indicates a significantly 

non-zero correlation, (ie. in only 5% of si111il ar samples from the population will the 

correlation not be significant) assu111ing that both dependent and independent variables are 
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normally distributed.(ie. bivariate) 

3.3.3 Results 

The correlation analysis was carried out on DSVl and both the anoxic and effluent nitrate and 

nitrite data, the results being presented as a correlation matrix. The correlation analysis was 

carried out for each steady state period of both the 2RND and M2RND systems and the 

pooled data of all the steady state periods of each system . For the M2RND system, the 

correlation included nitrite and nitrate concentrations in both anoxic reactors, ie the main and 

auxiliary - insofar as the bulking hypothesis is concerned , only the concentration in the 

auxiliary anoxic, which precedes the aerobic , \vould be important. Significantly deviant initial 

values in each steady state period resulting fro m possi ble disturbances in the system were 

eliminated , the pooled data of each system also being without these significantly deviant 

values. 

For the steady state periods of the 2RND system (Table 3.12), correlations of DSVI with 

anoxic nitrite and nitrate concentration are generally not very significant (s > 0.05), except 

for strong negative (ie . inverse) correlati ons with anoxic nitrite concentration in steady state 

period 1 and anoxic nitrate concentration in stead y state period 2. Negative correlations are 

contrary to expectation - according to the hypothes is , high nitrite and possibly nitrate 

concentrations should cause high DSV! s. The re are so me strong positive correlations amongst 

the various nitrate and nitrite data (marked on Table 3.12), which are expected , indicating 

that on average denitrification was not complete in these steady state periods - nitrite 

deni tri fi cation only commences once ni trate concentrations reach low ( < 1 mg N03-N/l) 
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Table 3.12 Correlations of the Steady State periods of the 2RND system 

System DSVI Other possible (s < 0.05) 
Correlation correlations 

2RND Eff.N02 An.N03 

SS Pl An.N0 2 An.N02 An.N02 

-0.5149 0.5731 0.5853 
s=0.049 s=0.0255 s=0.0219 
(n = 15) (n = 15) (n = 15) 

An.N0 3 

-0. 3385 
s=0.2172 
(n = 15) 

2RND Eff.N03 

SSP2 An .N02 An.N0 3 

0.3103 0.4450 
s=0. 1311 s=0.0258 
(n=25) (n = 25) 

An.N03 

-0 .0470 
s = 0.8233 
(n = 25) 

2RND A n. NO~ An.N03 

SSP3 An.NO, Eff.N02 An.N0 2 

-0.0407 0.4481 0.4170 
s = 0.8340 s = 0.0148 s =0.0244 
(n = 29) (n = 29) (n = 29) 

An.N03 

-0 . 1073 
s = 0.5794 
(n=29) 
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Table 3.13 Correlations of the pooled data of the 2RND system 

System DSVI Other possible (s<0.05) 
Correlation correlations 

2RND Eff.N02 Eff.N03 

POOL An.N02 Eff.N03 An.N03 

0.1875 0.2679 0.2283 
s=.1228 s= .0261 s=.0592 
(n=69) (n =69) (n=69) 

An.N03 Eff.N02 An.N02 

0. 2684 An.N02 An.N03 

s= .0258 0.3493 0.4447 
(n =69) s=.0033 s=.0001 

(n =69) (n=69) 
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values (Musvoto er al., 1992). 

The pooled 2RND system data (Table 3.13) shows a significant positive correlation between 

anoxic nitrate concentration and DSVI (r=0.2684; s=0.0258), but no significant (s = 0.123) 

(positive) correlation between anoxic nitrite concentration and DSYI. A significant 

(s=0.0001) positive correlation between anoxic nitrate and nitrite concentration is obtained 

for the pooled data indicating that when the nitrate concentration is low so is the nitrite. 

Therefore, although there is not a significant correlation between the anoxic nitrite 

concentration and DSYI, (s=0.123) a positive correlation 1s implied via the ni trate 

concentration . 

For the M2RND system , for which the auxi li ary an ox ic nitrate and nitrite concentrations are 

more important because these are di scharged to the ae robic reactor, steady state periods 1 

and 2 of the M2RND system show positi ve (but not significant) correlations of DSVI and 

auxiliary anoxic nitrate and nitrite concentrati ons (Table 3.14). Positi ve but not significan t 

correlations with DSYI and nitrate and nitrite concentrations of the anoxic reactor are also 

obtained. For the pooled results of the M2RND system (Table 3.15), there are also positi ve 

correlations between auxiliary anoxic reactor nitrite and nitrate concentrations but only the 

nitrate concentration - DSVI approach a significant correlation (s=0.059). As earlier with 

the steady state periods of the 2RND sys tem, a significant positive correlation between 

aux il iary anoxic reactor nitrate and nitrite concent rat ions is also obtained, indicating that , 

although not significant a correlation between aux iliary anoxic nitrite concentration and DSVI 

is implied via the nitrate concentration. 
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Table 3. 14 Correlations of the Steady State periods of the M2RND system 

I System I DSVI 
: Correlation 

I Other s<0.05 

I 
M2RND Eff.N03 Eff.N03 Eff.N03 Eff.N03 

SS Pl An.N0 2 Eff.N02 An.N03 Aux.N02 Aux.N03 

0.1890 -0.4280 0.4678 0.4508 0.4863 
s=0.1592 s= .0009 s=.0002 s=.0004 s=.0001 
(n =57) (n =57) (n = 57) (n =57) (n=57) 

An.N03 Eff.N02 Eff.N02 Eff.N02 An.N02 

0.0412 An .N03 Aux.N0 2 Aux.N03 Aux.N02 

s=0.7610 -0. 3651 -0.5123 -0.4520 0.2859 
(n =57) s= .0052 s= O s= .0004 s=.0311 

(n = 57) (n = 57) (n =57) (n =57) 

Aux.N02 An .N0 2 An .N03 An.N03 Aux.N02 

0.851 Aux.NO, Aux.N0 2 Aux.N03 Aux.N03 

s= 0.5292 0.2859 0.5872 0.5495 0.6928 
(n = 57) s= .0275 s= O s=O s=O 

(n= 57) (n = 57) (n=57) (n =57) 

Aux .N03 

0.1665 
s = 0.2157 
(n = 57) 
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Table 3.14 cont. 

M2RND Eff.N03 Eff.N03 Eff.N03 Eff.N03 
SSP2 An.N0 2 Eff.N02 An.N02 Aux.N02 Aux.N03 

0.0534 -0.3458 0.3711 0.5123 0.3523 
s=0.7642 s= .0452 s = .0307 s=.0020 s= .0410 
(n = 34) (n =34) (n=34) (n =34) (n=34) 

An.N0 3 Eff.N02 An.N02 An.N02 An.N02 
0.0964 An.N02 An.N03 Aux.N02 Aux.N03 
s=0.5875 0. 3486 0.5830 0.6984 0.4047 
(n = 34) s=.0433 s=.0003 s=O s=.0176 

(n = 34) (n = 34) (n =34) (n =34) 

Aux.N02 

0.0840 
s = 0.6367 
(n=34) 

Aux.N03 

0 .1230 
s =0.4885 
(n=34) 

M2 RND An.N02 An.N02 Ef.N02 An.N03 
SSP3 An.N02 An .N03 Aux.N02 Aux.N02 Aux.N02 

-0.085 1 0. 7200 0.6061 0.4672 0.4734 
s = 0.7371 s= .0008 s = .0077 s=.0506 s= .0472 
(n = 18) (n = 18) (n = 18) (n = 18) (n = 18) 

An.N03 Aux.N03 

-0.1404 An.N02 

s = 0.5785 0.5616 
(n = 18) s = .01 53 

(n = 18) 
Aux.N02 

0 .0285 
s = .9106 
(n = 18) 

Aux.N03 

0 .0656 
s = 0.7977 
(n = 18) 
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Table 3.15 Correlations of the pooled data of the M2RND system 

System DSVI Other (s < 0.05) 
Correlation 

M2RND Eff.N03 Eff.N03 Eff.N03 Eff.N03 

POOL An .N02 Eff.N02 An.N03 Aux.N02 Aux.N03 

0.0092 0.3625 0.4707 0.4150 0.3271 
s= 0.9244 s= .0001 s=O ·s=O s= .0005 
(n = 109) (n = 109) (n = 109) (n=109) (n = 109) 

Eff.N02 Eff.N02 An.N02 An.N02 

An.N03 Aux.N02 Aux .N0 3 An.N03 Aux.N03 

-0.0400 -0. 1949 -0.2641 0.3783 0. 3456 
s= .6781 s= .0423 s=.0055 s=O s= .0002 
(n=l09) (n = 109) (n= 109) (n= 109) (n = 109) 

An .NO, An.N03 An.N03 Aux.N02 

Aux.NO, Aux .N03 Aux.N0 2 Aux.N03 Aux.N03 

0.0857 0.2174 0.4761 0.3430 0.5615 
s= .0591 s= .0231 s= O s= .0003 s=O 
(n = 109) (n = 109) (n = 109) (n =109) (n = 109) 

Aux.N03 

0. 1814 
s=.0591 
(n= l09) 
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One of the requirements of the correlation stati stical analysis is that the data sets being 

compared eg. DSYI and anox1c nit rite concent ration or anoxic nitrate and nitrite 

concentrations, each should be normally dist ributed. To check that this requirement of the 

data was met , the distributions of the data were exam ined with the Statgraphics package. 

The individual steady state period DS YI data, as wel l as the pooled data , (see Fig 3.42 and 

Fig 3.43 for the pooled data sets of 2RN D and M2RND systems) for the 2RND and 

M2RN D systems were found to be normal ly distributed . However none of the anoxic or 

auxiliary (and effluent) nitrate and nitrite concen trations data sets , whether individuall y by 

steady state period or pooled, showed normal distrib ution. All of them showed strongly 

curved lines (i nstead of linear fo r normal distribution), steep at low concentrations and 

flatteni ng out as the concentration increased (see Figs J .42-3 .43). The non-normality creates 

uncertai nty in the statist ical anal yses based on the t- distri bution. 

Three approaches were explored in an attempt to deal with the non-normality of nitri te and 

nitrate data sets; approach (l ) repeated the above e\'aluation but on the basis of log DSYI and 

log nitrate and nitrite concentration s: approach (2) repeated the evaluation using the 

Spearman rank correlation rather than the data cor rela tion; and approach (3) eliminated low 

values from the nitrate ( < l mg N03-N/l) and nitrite < 0.1 mg N02-N/I) data sets - many 

data were concentrated in his lower range as a co nsequence of the anal ytical detection limit 

for nitrite and nitrate. The results of these trial s are disc ussed below. 

Approach ( 1) 

No improvement in correlations were ob tained on the bas is of logs, ie. those correlations that 
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were significant remained so and those that were not significant remained so also (see Tables 

3.16 and 3.17 for the pooled results of the 2RND and M2RND systems). The only difference 

was that now both the DSYI and the nitrate and nitrite concentration data sets were both 

normally distributed (bivariate) and therefore statistically conform to the normal distribution 

required for the t-distribution. Because the outcome did not differ the same conclusions as 

the evaluation on natural numbers apply. 

Approach (2) 

The Spearman rank analysis does the correbuon on the rank number of the data , and not on 

the values of the data themselves. The rank number is the position of the data in the set 

ran ked from smallest (lowest) to largest (highest). This has the effect of reducing the 

influence of high values in the data se t tha t ten d to cause deviations from normality. 

(Groebner and Shannon, 1988). 

As with the log-normal analysis no improvement or deterioration was found with the 

Spearman-ranked analysis - the data sets that were significantly and positively correlated 

remained so and vice versa - no steady state period or pooled data set correlation changed 

from not significant to significant or from significan t to not significant (see Tables 3.18 and 

3.19 fo r the pooled data set results of the 2RND and M2RND systems). 

Approach (3) 

To reduce the curvature of the nitri te and nitrite data sets low values of nitrate and nitrite · 

concentrations ( < 1 and 0.1 mgN/I respectivel y) vvere removed. This reduced the number 

of val ues in data sets for the individual steady state periods to only a few, eg. for steady state 



Univ
ers

ity
 of

Cap
e T

ow
n

3.99 

Table 3.16 Log correlations of the DSVI and Anoxic nitrate and nitrite concentrations for 
the 2RND system 

System DSVI Other possible (s<0.05) 
Correlation correlations 

2RND LOGAn.N02 LOGEf.N02 

POOL LOGAn.N02 LOGAn.N03 LOGEf.N03 

0.1071 0.5236 0.2619 
s=0.3813 s=0.0000 s=0.0297 
n=69 n=69 n=69 

LOGAn.N02 

LOGAn.N03 LOGEf.N02 

0.2620 0.4101 
s=0.0297 s=0.0005 
n=69 n=69 
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Tab le 3.17 Log correlations of the DSVI and Anoxic nitrate and nitrite concentrations for 
the M2RND system 

System DSVI Other possible (s < 0.05) 
Correlation correlations 

M2RND LOGAn.N02 LOGAux.N02 

POOL LOGAn.N0 2 LOGAn.N03 LOGAux.N03 

0.0849 0.6787 0.5760 
s=0.3802 s=0.0000 s=0.0000 

-
n=l09 n= 109 n=l09 

LOGAn.N02 LOGAux.N02 

LOGAn.N03 LOGAux.N02 LOGEf.N02 

-0.0910 0.4923 -0.1898 
s=0. 3468 s=0.0000 s=0.0481 
n= 109 n= 109 n=l09 

LOG An.N0 2 LOGAux.N02 

LOGAux .N02 LOG Aux .N03 LOGEf.N03 

0.1396 0. 3010 0.3912 
s=0.1476 s=0 .0015 s=0.0000 
n=l09 n= 109 n=109 

LOGAn.N02 LOGAn.N03 

LOGAux .N03 LOGEf.N03 LOGAux.N03 

0.2925 0.5504 0.3733 
s = 0.0020 s=0 .0000 s=0.0001 
n= 109 n= 109 n=109 

LOGAn.N03 LOGAn.N03 

LOGAux.N02 LOGEf.N03 

0.4999 0.5800 
s=0.0000 s=0.0000 
n= 109 n=l09 

LOGAuxN03 LOGAuxN03 

LOGEtNO, LOGEfN03 

-0. 2985 0.2777 
s = 0. 00.+ 8 s=0.0035 
n= 109 n=109 
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Table 3.18 Spearman ranked correlations for the pooled data of the 2RND system 

System DSVI Other possible (s<0.05) 
Correlation correlations 

2Rt"\1D Ef.N03 Ef.N02 

POOL An.N02 Ef.N02 An.N02 

0.0644 0.3884 0.4030 
s=0.5954 s=0. 0014 s=0.0009 
(n =69) (n =69) (n=69) 

An.N03 Ef.N03 An.N02 

0. 2407 An.N02 An.N03 

s=0.0471 0.029 1 0.4648 
(n =69) s=0.2646 s=0.0001 

(n =69) (n =69) 
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Tab le 3 .19 Spearman ranked correlations for the pooled data of the M2RND system 

System DSVI Other possible (s < 0.05) 
Correlation correlations 

M2Rl'ffi Ef.N03 Ef.N02 

POOL An.N02 An.N02 Aux.N02 

0.0302 0.0.6559 0.4422 
s=O. 7533 s=0.0000 s=0.0131 
(n = 109) (n = 109) (n = 109) 

Ef.N0 3 Ef.N02 

An.N03 An.N03 Aux.N03 

-0.1025 0.6104 -0.2329 
s=0.2869 s=0.0000 s=0.0155 
(n = 109) (n=l09) (n = 109) 

Ef.N03 AnN03 

Aux.NO, Aux.N02 AuxN03 

0.1305 0.4422 0.3228 
s = 0.1750 s=0.0000 s=0.0008 
(n= l09) (n= 109) (n = 109) 

Ef.N03 Aux.N02 

Aux .N03 Aux.N03 Aux.N03 

0.2826 0.3073 0.5771 
s = 0.0033 s= 0.0014 s =0.0000 
(n = 109) (n= 109) (n = 109) 
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period 1 of the 2RND system only 9 DSYI N03-N and N02-N triplets remained after 

elimination of the low values. This made the indi vidual steady state data sets too small for 

meaningful analysis so that (a) the pooled data were analysed and (b) the analysis was 

conducted on DSYI and N02 or N03 pairs even though many pairs may have had a low 

corresponding N03 or N02 value eliminated. 

The results obtained using this approach were worse than the results obtained by other 

methods for both the 2RND and M2RND systems. This is probably in part due to the smaller 

number of available data pairs after deletion, which 111ust lead to a poorer correlation. 

3.4 CONCLUSION 

3.4.1 Introduction 

Fro m comparative plots of DSVI and ni tr ite concentrations in the anoxic reactor outtlow , 

(Fig 3.32), there appears to be some link between concentrations of nitrite and the tendency 

of the system to bulk. Increases in DSY I roughly co rrespond to increased anoxic nitrite 

concentrations in all three phases of the exper i111 ental investigation, where the system was 

allowed to operate wi thout disruption . 

3.4.2 Intermittent aeration system 

During the period that the system was operated intermittently (day 0 to 83), the DSVI 

showed little correlation with the concentrat ion of nitrite in the dai ly composite eftluent 
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samples from the system (the only daily sample taken for nitrite analysis). A single daily 

composite nitrite sample taken from the effluent of an intermittently aerated system does not 

give a good indication of the nitrite concentration entering the aerobic phase. Unfortunately 

samples for nitrate and nitrite concentrations were not taken at the end of the anoxic cycle 

at this early stage of the investigation because their importance was not yet realized. The 

DSVI measured in the system and the effluent nitrite concentrations showed little connection 

because the DSVI increased as the eftluent nitrite decreased. However, the nitrite 

concentration profile tests done on days 58 and 78 gave a fairly good indication of the link 

between nitrite concentration built up during the anoxic period and DSVI in the system. The 

addition of the ammonium supplement to the feed of the system which resulted in an increase 

of both the nitrate and nitrite concentration throughout the anoxic and aerobic periods but 

notably those at the onset of aerobic cond it ion s, also led to an increase in DSVI. The nitrite 

profile test done on day 78 showed the effect of thi s quite clearly. 

3.4.3 Two reactor anoxic-aerobic system 

After conversion to a two reactor system on day 84 (with ammonium added to the feed), the 

DS VI increased significantly but because nitrite concentrations in the anoxic reactor were 

measured only from day 111, the cause for this increase cannot be established. The DSVI 

showed a tendency to increase from day 111, and remained fairly high until around day 145, 

while the average nitrite concentration between clays 111 and 145 was just above 0.5 mgN02 

-NI I. The cessation of the ammonium dos in g (on cl ay 146) to the feed caused a decline in 

anoxic reactor nitrite concentrations and a dro p in DSVI. However, the sludge continued to 

bulk, with the DSVI remaining above 200 ml/g fo r most of the time during the 65 day period 
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between termination of ammonium addition and reduction of the a-recycle ratio from 3: 1 to 

1: 1 on day 206. During this period the anoxic reactor nitrite concentration remained fairly 

low (mostly below 0.5 mgN02-N/l) with an average of 0.25 mgN02-N/1. The average DSYI 

for this period was 236 ml/g, compared to an average of 256 ml/g for the period of 

ammonium addition. Immediately after the end of this steady state period (steady state period 

2) the DSYI was high , between 300 and 400 ml /g. At this stage (steady state period 3) the 

ni trite concentration in the anoxic reactor was low, and the DSYI decreased. Although 

di ffic ult to ascertain due to fluctuations caused by disturbances to the system (due to sludge 

abstraction for batch tests to demonstrate aerobic fl oe former inhibition, see Casey et al. 

1992), some connection is noticeable between anoxic nitrite concentrations and DSYI 

fluctuations in steady state period 3 (changed recycle ratio) of the 2 reactor system. The 

average DSYI was lower during this steady state pe riod ( 192 ml/g) than for the previous two 

steady state periods. 

Considering the system overall , there are stronger indi cati ons that the anoxic reactor nitrite 

concentration does cause the change in DSY I, because the former is high in the first steady 

state period (ammonium dosing) , 0.52 mgN02-N/ I ave rage, with a corresponding average 

DSYI of 256 ml/g. For steady state period 2 (no ammonium dosing) the average anoxic 

nitrite concentration is 0.25 N02-N/1, with a corresponding average DSYI of 236 ml/g, and 

for steady state period 3 (low a-recycle) the average anoxic nitrite concentration is 0. 38 mg 

N02-N/l with an average DSYI of 19 1.5 1111 /g. In this system concentrations of above 0.5 

mgN02 -N/1 in the anoxic reactor seemed to indica te pro liferation of low F/M filaments and 

caused the system to bulk. 
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3.4.4 Modified two reactor system 

The link between anoxic reactor nitri te concen trat ion as an indicator of inhibition of floe 

forming organisms entering the aerobic reactor is fa irly clearly discernable when the system 

was operated as a 3 reactor system, with a small anoxic, separately fed reactor added 

between the anoxic and aerobic reactors to aid reduction of nitrite (and intracellular 

denitrification intermediates such as NO and N20) before entry to the aerobic reactor. The 

plot of increases and decreases in anoxic nitrite concentration in both these anoxic reactors 

corresponds roughly to the plot of DSVI, and indicates that high concentrations of anoxic 

reactor nitrite(> 0.5 mgN02-N/I) tend to promote AA (low F/M) filament bulking in a 

nitrification/denitrification system. In anoxic-aerobic systems there thus seems to be some 

support for the nitrite inhibition hypot hesis of Casey er al. ( 1992). 

In the Control system (started on day 383) the DSYI increased to around 600-700 ml /g from 

day 385 to day 403. By day 413 the DSYI had decreased to around 230 ml /g, and remained 

between 200 and 300 ml /g until the end of the investigation period. The average anoxic 

reactor nitrite concentrations for the 2 steady state periods during which the system was 

operated were 0.18 and 0.12 mgN02-N/I for steady state periods 2 and 3 respectively. The 

anoxic reactor nitrite concentrations for the Modified 2-reactor system for the same steady 

state periods were 0.23 and 0.13 mgN02-N/1. The average DSYI for steady state periods 1 

and 2 of the Modified 2-reactor and Control systems are fairly similar, being 325 and 249 

ml/g (Modified 2-reactor system) and 287 and 254 ml /g (Control system) for steady state 

periods 2 and 3 respectively. 



Univ
ers

ity
 of

Cap
e T

ow
n

3.107 

From these results of the Modified 2-reactor and Control systems it can be concluded that 

concentrations of anoxic reactor nitri te in the vici nity of 0.5 mgN02-N/l can be associated 

with an increasing DSYI, while concentrations below this can be associated with a decreasing 

DSVI. 

3.4.5 Statistical correlation analysis 

From the results obtained by the correlation analysis, it can be concluded that (i) in the 

separate steady state periods there are not enough points to give meaningful results , (ii) the 

relationship between anoxic reactor nitrite and DSVI is not apparent in terms of satistical 

correlation. However, such a correlation is implied through the significant correlations 

between nitrate and DSYI in the 2RND ancl M2RN D systems and between nitrate and nitrite. 

Therefore the statistical analysis prov ides support ing ev idence for Casey ' s bulking 

hypothesis. 

The conclusions of this investigation are disc ussed in Chapter 4. 
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CHAPTER 4 

CONCLUSIONS 

Filamentous bulking resulting in poor sludge settleability is a major problem in the operation 

of activated sludge plants. This is indicated clearly in the two surveys on 122 activated sludge 

plants in South Africa by Blackbeard er al. (1986, 1988). Most of the bulking which occurred 

was caused by the group of low F/M filaments , namely 0092, M. parvicella, 0041, 0675 , 

0914 and 1851. 

A 4 year research program conducted by Gabb er al. (1989) into , amongst others , the 

effectiveness of the selector effect , cone! uded that the selector effect was not effective in 

con trolling low F/M bulking. It was fo und however that fully aerobic conditions ameliorated 

low F/ M filament bulking and that alternating anoxic aerobic conditions appeared to promote 

low F/M filament bulking. To identify the causes of low F/M bulking a second follow up 

research programme was undertaken to examine the influence of various system parameters 

such as sludge age , anoxic mass fraction , frequency of exposure to alternating anoxic-aerobic 

condi tions , type of anoxic-aerobic system and nitrate/ nitrite concentrations in the anoxic and 

aerobic reactors/zones. During the course of this research it was confirmed that intermittent 

aeration N removal systems having anoxic mass fractions > 30 % but less than 80 % tended 

to bulk, while low F/M filament bulki ng was ameliorated in completely aerobic and 

completely anoxic single reactor systems . (Warburton et al., (1991); Casey er al. 

(1 990 , 1991); Ketley er al. (1991) and Hulsman er al., (1992). 
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The research presented in this thesis forms part of the follow-up comprehensive research 

investigation into low F/M bulking and examines the effects of various nitrification­

denitrification system configurations on low F/M bulking. Three types of experimental 

systems were operated during a 472 day investigation period. The 3 experimental systems 

were obtained by modifying a single laboratory scale nitrification-denitrification system at 

different stages viz. 

(1) A single reactor intermittently aerated system (day 1 - 83) 

(2) A 2-reactor anoxic-aerobic nitrification/denitrification system (day 84 - 253) 

(3) A modified 2-reactor anoxic-aerob ic system with a small separately fed auxiliary anoxic 

reactor placed between the anoxic and aerobic reactors to facilitate additional denitrification 

(day 254 - 472) 

All these systems were operated at 20 °C , 15 day sludge age , 30 % aerobic mass fraction and 

received real unsettled sewage as influent. 

The results obtained in the different configurations 

are as follows: 

(i) Intermittent aeration system (day 1 - 83) 

For the first 51 days of operation of thi s system, no ammonium was dosed into the influent. 

To increase the concentrations of nitrate and nitri te in the system, from day 52 ammonium 

was dosed to the influent first at 10 mg/ I (to day 65) and then on day 65 this was increased 
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to 20 mgN/l and maintained at this value for the remaining period (to day 83) of operation 

of this system. During the 83 days of operation, two nitrate and nitrite concentration profile 

tests were carried out on the reactor during the 8h aeration cycle (2.5 h aerobic, 5.5 h 

anoxic) in order to observe the changes in these concentrations. When the test was 

conducted during the period of low ammonium dosing, denitrification of the nitrate and 

nitrite generated in the aerobic period was complete by the end of the anoxic period. At the 

time of this test (day 58) it was noted that the DSVI was low, 190 ml/g, and decreasing, with 

the following low F/M filaments present: H. hydrossis, 0092, 0041, 021N, Beggiaroa and 

M parvicella. 

The second profile test was done duri ng the period with 20 mgN/l ammonium dosing (day 

78) . The profile indicated that now the nitrate and nitrite concentrations at commencement 

of the aerobic period were high. This was in part due to a slower denitrification rate 

compared to the previous test. During the time that this second test was carried out it was 

observed that the DSVI was 210 mg/I and increasing with the following filamentous 

organi sms occurring in the sludge: 0041 , 0092 , H. hydrossis, 0803, and M. parvicella. 

These reactor nitrate/nitrite concentration profile tests (Figs. 3.10 and 3.11) gave a clue to 

the connection between nitrite entering the aerobic period at the end of the anoxic period and 

the tendency of the system to bulk. This led to the conclusion that nitrite (or nitrate) present 

at the start of the aerobic period due to incomplete denitrification has a stimulating effect on 

the proliferation of low F/M filaments. 
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(ii) 2-reactor anoxic-aerobic system 

On day 84 while continuing dosing ammonium to the influent, the system configuration was 

changed from that of a single reactor intermittent system to a 2-reactor anoxic-aerobic system 

(Modified Lutzack-Ettinger system), where concentrations of nitrate and nitrite entering the 

aerobic reactor from the anoxic reactor could be more readily controlled and observed. 

Anoxic nitrate and nitrite concentrations were measured from day 111. During the period of 

ammonium dosing to day 145, the DSVI was high (210 ml/g), and the average anoxic reactor 

nitrite and nitrate concentration was above 0.5 mg N02-N/1 and ammonium dosing was 

terminated on day 145. The removal of the influent ammonium dose on day 145 resulted in 

a decrease in the nitrate and nitrite (NOx) load on the anoxic reactor and as a consequence 

both the anoxic reactor nitrate and nitrite concentrations decreased . During this time the 

DSVI decreased from a very high value ( > 300 ml/g) to around 200 ml/g. The DSVI 

remained at ±200 ml /g for 20 days but later commenced increasing again slowly. However, 

even after 30 days it never increased above the value at which the ammonium dose was 

stopped. (see Fig. 3. 20). The filaments present in the sludge during this time were 0041 , M . 

parvicella , S. narans , 021N and 0092 . 

In an attempt to further reduce the anoxic reactor nitrate and nitrite concentrations, and 

therefore those entering the aerobic reactor, the a-recycle ratio was reduced from 3: 1 to 1: 1 

on day 206. Both the anoxic reactor nitr ite concentration and the DSVI were then observed 

to decrease from 400 ml/g to 150 1111/g. As in the previous period, after 35 days the DSVI 

began to increase slowly over 10 days to 250 111 1/g (Fig. 3.20). 
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Statistical analysis of this 2RND system's data over the 3 different periods (ie with and 

without influent ammonium dosing and a low a-recycle ratio) showed no significant positive 

correlation between DSVI and anoxi c reactor nitrite concentration, although a significant 

positive correlation was obtained between the DSYI and anoxic reactor nitrate concentration. 

A significant positive correlation was also obtained between anoxic reactor nitrate and nitrite 

concentration data , from which a positive correlation between anoxic reactor nitrite 

concentration and DSYI can be inferred. 

From the behaviour of the 2-reactor nitrification-denitrification system, viz. the system 's 

DSYI response to removal of the ammonium supplement and the reduction in the recycle 

ratio, both resulting in decreases in the anoxic reactor nitrate and nitrite concentrations and 

the statistical correlation between them, it seems reasonable to conclude that there is a 

connection between low F/M filament proli fera tion and nitrite/nitrate concentration entering 

the aerobic reactor in this type of system configuration. 

This experimental information, together with that measured in the bulking research program 

by Warburton et al. (1991), Ketley er al. (1992) , Hul sman er al. (1992), and Casey er al. 

(1991, 1992), formed the basis for developing the hypothesis for low F/M filam ent bulking 

(Casey et al. 1992). 

This hypothesis is based on a proposal that a possible cause for low F/M proliferation lay 

in the necessity for the activated sl udge mass to switch between aerobic and anoxic metabolic 

pathways, this switching providing some competitive advantage to the filamentous organisms 

at the expense of the floe-forming organisms . It has been fairly convincingly demonstrated 
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in pure cultures that denitrification can continue (at a lower rate) under aerobic conditions , 

and need not take require purely anoxic conditions. It has been proposed that a denitrification 

pathway intermediate (or intermediates) is responsible for the inhibition of aerobic utilisation 

of substrate. The inhibitory intermediate is thought to be NO, with the presence of N02· and 

N03- exacerbating the degree of inhibition. 

Based on the above principles, Casey er al. (1992) proposed a bulking hypothesis as follows: 

Floe-formers are inhibited under aerobic conditions by denitrification intermediates 

accumulating under the preceding anoxic conditions, and the denitrification intermed iates 

causing the inhibition is NO. Low F/M filaments are thought to denitrify only as far as No2·, 

and therefore do not accumulate NO, while the floe-formers are thought to be able to 

denitrify completely to N2, and will therefore be able to accumulate NO under certain 

conditions. Low F/M filament bulking is thus expected to occur under conditions of 

incomplete denitrification in the anoxic reactor. If thi s occurred , the floe-forming organisms 

would sti ll have internal accumulations of NO , causing inhibition of their aerobic metabolism 

when they enter the aerobic reactor , th us bestowing a competitive advantage on the low F/M 

filamen ts , which, due to the nature of their anoxic metabolism , do not suffer from inhibi tion 

caused by NO when entering the aerobic reactor. If complete denitrification takes place in 

the anoxic reactor, then low F/M filament bulking is not expected to occur, as the inhibitory 

intermediate is no longer present when the organi sms enter the aerobic reactor. 

(iii) M odified 2-reactor anoxic-aerob ic system 

In terms of the hypothesis described above, and the tests done by Casey et al. (1992) , on 
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sludge harvested from the 2-reactor ND system, it appears that the presence of RBCOD 

under aerobic conditions resulted in an alleviation of the inhibition of the floe-formers and 

a progressive increase in specific OUR under batch test conditions as the test proceeded. 

From this it was hypothesized that if RBCOD could be dosed to the activated sludge after 

the anoxic period, but before the aeration period it might lead to an alleviation of the 

contribution of the floe-formers and therefore an amel ioration of bulking. This presence of 

RBCOD at the intra-anoxic-aerobic stage would also improve denitrification just prior to the 

aerobic reactor, consequently a small auxiliary anoxic reactor receiving a bypass influent 

flow of 10 % of the system's influent flow was placed after the main anoxic reactor on day 

254 . (For comparative purposes , a Control 2-reactor system identical to the Experimental 

system but without the auxiliary reactor was set up on day 383.) After the addition of this 

auxiliary reactor , the DSVI was initi all y observed to decline from 300 ml/g to 190 ml/g. For 

the rest of the period this system was operated , increases and decreases in concentration of 

anoxic reactor nitrite showed a fairly close correlation with fluctuations of the DSVI. The 

system showed little difference in performance in terms of anoxic nitrite and nitrate and 

DSVI when compared to the values of these parameters for the Control system . However in 

both systems it seems that anoxic reactor nitrite concentrations above 0.4-0.5 mg No2--N/l 

favo ur proliferation of low F/M fil aments. Fairly brief increases in anoxic reactor nitrite 

concentration in these systems also seemed to effect an increased DSVI for a relatively long 

period of time, the DSVI declining much more gradually than anoxic nitrite concentration. 

A statistical correlation analysis of the DS YI and auxiliary anoxic reactor nitrate and nitrite 

concentration data for the M2RND system yielded similar results to those obtained earlier 

for the 2RND sytem. Here too there was a signi ficant positive statistical correlation between 

the DSYI and auxiliary anoxic reactor nitrate concentration, as well as a significant positive 
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correlation between auxiliary anoxic reactor nitrate and nitrite concentrations. From this a 

correlation between auxiliary anoxic reactor nitrite concentration and DSVI can be inferred, 

and provides further supporting evidence for the bulking hypothesis. Further details on the 

bulking hypothesis and its verification are given by Casey et al (1993). 

The results obtained in the above experimental systems indicate that high concentrations of 

nitrate and especially nitrite entering the aerobic zone or phase of an anoxic - aerobic 

nitrification - denitrification system due to incomplete denitrification will favour proliferation 

of low F/M filaments in the sludge. Therefore it could be concluded that nitrate , nitrite 

and/or some intermediate denitrification compound inhibits the growth of the floe - formin g 

organisms in the aerobic zone/phase of these systems. 
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APPENDIX 1 

Experimental data for Experimental and Control systems 
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APPENDIX 2 

Calculation of mass balances 

To test the reliability of the data COD and N balances were carried out over the steady state 

periods of operation of the systems. The N balance is calculated from the sum of the masses 

of N leaving the system and the amount of N entering the system . The N balance is 

calculated from the following components: 

(i) Mass of N present as influent TKN (Total Kjeldahl Nitrogen) in the influent per day 

M(N1). 

(ii ) Mass of N added to the influent per day M(M11 i) . 

(ii i) Mass of Nin the waste sludge per day M(N,v). 

(iv) Mass of N denitrified per day M(N11<l). 

(v) Mass of TKN in the effluent per day M(N1J. 

(vi) Mass of N03- and No2- in the effluent per day M(N11 0 ). 

These are calculated as follows: 

(i) Mass of N as TKN in the influent: M(N1) = Q.N1i where N1i is the influent TKN 

concentration. For steady state period 3 of the modified 2-reactor system: 

M(N1) = 10 1/d*35 .2 mgN/l = 352 mgN/d 
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(ii) Mass of N added: M(N0 ) = Q. N0 ; where N0 ; is the concentration of N added (either as 

ammonium or nitrate or nitrite) (mgN/l) 

Q = influent feed volume/day (l id) 

(iii ) The mass of N in the waste sludge is given by: 

M(Nw) = fn.M(XJ/R. = fn.Yp.Xn/Rs 

where 

M(Xv) = YSS mass in the reactor 

= YSS concentration in reactor * volume of reactor 

f0 = nitrogenous fraction of the sludge = 0. 1 mgN/mgVSS 

Rs = sludge age (days) 

For steady state period 3 of the modified 2 reactor system: 

M(Nw) = 0.10 mgN/mgVSS * 10 l/d* 1177 mgYSS/1/1 5d = 78.5 mgN/d 

(iv) For the 2 reactor system the mass of N denitrifi ed is calculated by subtracting the mass 

of ni trate + nitrite in the anoxic reactor effluent from the mass of nitrate entering the anoxic 

reactor. For the intermittent aeration system, a nitrate and nitrite mass balance cannot be 

conducted with the result that the mass of nitrate and nitrite denitrified cannot be calculated. 

For these systems the N balance therefore cannot be checked. However, as will become 

apparent below , the mass N/d nitrate generated by nitrification (MN
0
g) and removed by 

denitrification (MN0 ct) are required for the COD balance. Consequently for the intermittently 

aerated systems these MN0 g and MN11d are calculated assuming a 100 % N balance. 
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For 2 reactor ND systems: 

M(N0 ct) = mass NOx in - mass of NOx out 

= (s+a).Q.Nne - (1 +s+a).Q.Nanox 

s = sludge return recycle ratio 

a = mixed liquor recycle ratio 

N0 e = aerobic reactor (equivalent to effluent) nitrate + nitrite concentration (mgN/l) 

Nanox = anoxic reactor NOx concentration (mgN/l) 

Therefore for steady state period 3 (modified 2 reactor system) with a= 1:1, s = 1:1 , Q 

= 101/day and Nanox and N0 e 0.4 and 4. 7 mgN/ l respectively: 

M(N0 ct) = 2*10 l/d*4.7 mgN/l - 3*10 l/d*0.7 mgN/l = 72.3 mgN/d 

(v) The mass of N as TKN in the effl uent: M(N1J = Q.(N1J 

N1e = measured effluent TKN concentration (mgN/ l) 

For steady state period 3 (modified 2 reactor system) with N1c = 7.9 mgN/l: 

M(N1c) = 10 l/d*7.9 mgN/l = 79 mgN/d 

(vi) The mass of effluent N03: M(N0 0 ) = Q.(N11J 

N0 e = measured effluent nitrate concentration (mgN/l) 

For steady state period 3 (modified 2 reactor system) with N11e = 4. 7 mgN/l: 

M(N ) = 10 l/d*4 7 moN/l = 47 moN/l nc • I::> I::> 
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The N balance is therefore: 

M(N00) + M(Nue) + M(N,J + M(N") 
N balance = 

M(Ni) + M(N0 ) 

= 100*(72.3 + 47 + 79 + 78 .5)/352 

= 78.6 % 

For the intermittently aerated system: 

*100 

Assuming a 100 % N balance the mass of nitrate denitrified (M(Nu)) is calculated as the 

di ffe rence between total N entering the system in the form of TKN (and dosed N) and 

total N leaving the system, in the fo rm of (i ) E fflu ent TKN (MN1e); (ii) Effluent nitrate 

(MN0c); and (iii) N in the waste sludge (MN,J ie. 

(mgN/d) 

The mass of ni trate denitrified M(Nu) is required to calculate the mass of oxygen recovered 

via denitrification M(Od) which is needed for the COD mass balance ie. 

MOct = 2 .86.MN0 ct (mgO/d) 

Also required for the COD mass balance is the oxygen demand for nitrification which is 

ob tai ned from the mass of nitrate generated (MN.,g) calculated in the N balance. The MN0 g 

is given by the sum of the masses of nitrate denit rified and in the effluent viz. 
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MNng = MNnd + MNne (mgN/d) 

Normally in nitrification-denitrification systems the nitrite concentrations are very low in 

which case it is reasonable to accept without significant error that the total analyzed nitrogen 

(nitrate and nitrite) is all in the form of nitrate. However, separate mass balances on nitrate 

and nitrite concentrations allows masses of these concentrations generated and denitrified to 

be calculated. This is demonstrated below. 

The nitrate and nitrite balances for the anoxic and aerobic reactors can be calculated : 

For aerobic reactor: 

N02/N03 out - N02/N03 in = N02/N03 generated, ie. 

Nitrite: (1 +s+a).Q.N02-err - No2-anox·(l +s+a).Q = N02· nitrified 

Nitrate: (1 +s+a).Q.N03-err - NQ3-anox·(l +s+a).Q = NQ3• produced 

For anoxic reactor: 

N02/N03 in - N02/N03 out = N02/N03 denitrified 

Nitrite: (a+s).Q.No2-eff - No2-anox ·(a+ s+ l).Q = No2- denitrified 

Nitrate: (a+s).Q.N03-err - NQ3-anox·(a+ s+ 1).Q = NQ3- denitrified 

where: No2-err = system effluent nitrite concentration (mgN/l) 

No2-anox = anoxic reactor nitrite concentration (mgN/l) 

NQ3-err = system effluent nitrate concentration (mgN/l) 

N03-anox = effluent nitrate concentration (mgN/I) 

See Tables A.1 and A.2 for nitrite and nitrate balances 
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Table A.I Nitrite and nitrate balances fo r the anoxic reactor(s) of the Experimen tal 2RND , 
M2RND, and Control systems. 

Steady N02in N02out N02 N03in N030Ut N03 
State Den it Den it 
Period (mgN/ l) (mgN/l) (mgN/l) (mgN/l) (mgN/l) (mgN/l) 

2RND 1 4.19 2 .58 I. 6 1 40.2 1 13.12 27.09 

2 1.90 1.28 0.62 39.22 5 .97 33.25 

3 1.50 I. 13 0.38 20.10 2.75 17.36 

M2RND I 1.68 0 .91 0 .77 23.64 1.99 2i.65 

2 1.05 0.92 0. 13 18.65 3.198 15.45 

3 1.22 0.49 0.73 8.14 1.64 6.51 

COi'rr. 1 1.24 0.54 0.70 15. 78 0.75 15 .03 

2 1.96 0 .36 1. 60 7. 86 0.06 7.80 

Tab le A.2 Ni trite and nitrate balances for the aerobic reactor of the Experimental 2R ND. 
M2 RND , and Contro l system s. 

Steadv N020 Ut N02in N02 N030Ut N03in N03 
State Gener Gener. 
Period (mgN/ l) (mgN/ i) (mgN/l) (mgN/l) (mgN/l) (mgN/l) 

2RN D 1 2.54 2.58 2.66 50.27 13.12 37 . 15 

2 2.38 1.28 1. 10 49.03 5.97 43.06 

3 2.25 !. 13 1. 13 30.15 2.75 27 .4 1 

M2RND 1 2.52 0. 9 1 !. 6 1 35.46 1.99 33 .47 

I 1.58 0. 92 0 .65 27 .98 3.198 27 .78 

3 1. 83 0. 49 1.34 12.21 1.64 10.58 

CO NT. 1 I. 86 0 .54 l. 32 23 .67 0.75 22. 92 

! 2.94 0 .36 2.58 11.79 0.06 11 .73 
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The COD Balance 

With the COD mass balance a reconciliation is made of the influent COD mass with the 

COD masses of the waste sludge and effluent and of the oxygen required for COD 

utilisation. 

These components are calculated as follows: 

(i) Mass of COD in the influent: M(Si;) = Q.S1; 

S1; = COD concentration of the influent feed (mgCOD/I) 

Q = feed volume/day (I) 

For steady state period 3 (modified 2-reactor sys tem) with S1; = 426.6 mgCOD/l and Q = 

101 : 

101*426.6 mgCOD/l = 4266 mgCOD/d 

(i i) Mass of COD in the waste sludge: M(S"'..) = (v. M X) R, 

fcv = 1.48 mgCOD/mgVSS (COD/VSS ratio) 

MXv = mass of VSS in the system 

Rs = sludge age (days) 

For steady state period 3 (modified 2-reactor system) with Rs = 15 days, Xv = 1177 

mgVSS/l, and Q = 101: 

1. 48 mgCOD/mgVSS *l177 mgVSS/ l* lOl/15d = 11 61 mgCOD/d 
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(iii) Mass of COD in the effluent: M(S1c) = Q.S 1" 

S1e = concentration of COD in the effluent (mgCOD/l) 

For steady state period 3 (modified 2-reactor system) with Q = 10 lid and S1e = 73.5 

mgCOD/l: 

10 l/d*73.5 mgCOD/l = 735 mgCOD/d 

(iv) Mass of oxygen required for COD utilisation : 

M(Oc) = M(0111J + M(Od) - M(OJ 

M(011J = measured mass of oxygen consumed daily 

= OUR.24. %aerobic V/100 

OUR = measured oxygen utilisation rate (mgO/ l/hr) 

VP= volume of reactor (1) 

For steady state period 3 (modified 2-reactor sys tem): 

18.8 mg0/l/hr*30 %*24hr*l0/100 = 1353.6 mgO/d 

M(OJ = mass of oxygen used for nitrification 

= 4.57.MN11g 

4.57 = oxygen demand for nitrification (4.57 mgO/ mgN times mass of nitrate generated) 

For steady state period 3 (modified 2 reactor system) : 

4.57*119 mgN/d = 544 mgO/d 

As given above the oxygen recovered via denitrification MOd is given by: 

M(Od) = 2.86 M(NJ 

2.86 = oxygen equivalent of nitrate (mgO/ mgNox- N denitrified) 

For steady state period 3 (modified 2-reactor system ): 

2 .86*72.3 mgNO/ d = 206.8 mgO/d 
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Hence the COD mass balance is: 

M(S,.) + M(S •• ) + M(Oc) * 100% 
COD balance = 

M(S,;) 

For steady state period 3 (modified 2-reactor system): 

100*(764. l + 1161 + 1016.4)/4266 = 68.9% 




