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ABSTRACT 

This Masters thesis demonstrated for the first time that it is possible to generate 

aerobic granules using a nitrogen deficient wastewater; and that such systems utilise 

nitrogen fixation for sustaining balanced growth. Furthennore, the perfonnance of 

nitrogen fixing granular systems was shown to be comparable to conventional aerobic 

granular systems: they exhibited a high level of carbon removal and excellent biomass 

settleability. 

Using a specially developed image characterisation technique, granule parameters 

were analysed to investigate the fomrntion of nitrogen-fixing granules and 

subsequently to compare the effects of turbulence on these nitrogen fixing granules; a 

nitrogen supplemented system was utilised as a control. Sequencing batch reactors 

(SBRs) with a sho11 ( I minute) settling phase were used for the experiments. The 

length of the settle phase was based on the results of a preliminary study which 

showed that granules grown with a I-minute settling time are significantly larger (and 

more irregular) than granules grown in reactors with longer settling times. 

Granules were generated in both the nitrogen deficient system and the control. The 

difference between the granules grown under nitrogen-deficient and nitrogen-1ich 

conditions was evident through image analysis revealing differences in granule size 

and structure. Those granules grown without nitrogen supplementation were denser 

and larger than those grown with supplementation. It is proposed that the difference in 

morphology is due to the function of nitrogen-fixing bacteria in the nitrogen deficient 

system. These bacteria utilise the nitrogenase enzyme and so prefer an environment 

with low oxygen concentration. It is proposed that nitrogen fixers proliferate inside 

the granule due to the oxygen concentration gradients created through diffusion 

limitations. 

The effect of turbulence levels on the formation of nitrogen-fixing granules was 

pronounced. The comparison of high and moderate aeration/turbulence reactors found 

that granules grown under the less turbulent regimes were more filamentous, irregular 
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and had slower settling velocities than those 6,rown under 6:rreater turbulence. Without 

a minimum turbulence threshold granules were not generated and a biofilm became 

the dominant microbiological fom1 within the reactor. 

Based on the results of this work, it is proposed that an SBR with a short settling 

phase and high turbulence could be employed to develop nitrogen-fixing granules for 

the treatment of nitrogen deficient wastewater. The primary benefits for such a 

system are good sludge settleability and removal of the need to supplement nitrogen 

for growth. 
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Chapter 1: Introduction 

Wastewater treatment technologies have continued to become increasingly important 

for both municipal and indushial faci lities. The removal of solids, carbon, and 

nutrients are basic requirements for treatment systems. Microbial systems, in 

combination with separation processes, have been used successfully as a means of 

removing all tlu·ee components from wastewater. 

Carbon within wastewater is used by microorganisms for growth and energy. For 

continued population growth these microorganisms require nitrogen , phosphorus and 

other nutrients. Generally these nutrients are in over-supply and microbial uptake and 

conversion is welcomed, resulting in removal of environmentally and ecologically 

harmful compounds. But some wastewaters are nutrient deficient. Traditionall y, 

treatment of such wastewaters has required nutrient supplementation which incurs a 

cumulative upkeep cost as well as the problems associated with under and over 

addition of these nutrients . More recently, the potential for treatment by nutrient

fixing (namely nitrogen-fixing) organisms has being recognised (Clark et al. , 1997; 

Gapes et al., 1999; Dennis et al. , 2004). 

All microbial treatment systems require separation of the solid and liquid phases prior 

to final effluent discharge. ln particular, activated sludge systems rely on gravity 

settling to produce high quality treatment perfo1111ance. Systems with poor 

settleability have problems separating these two phases. Nitrogen-deficient activated 

sludge systems have been found to have high levels of filamentous bacteria and/or 

extracellular polymeric material (Andreasen et al., 1999; Thompson and Forster 2003 , 

Dennis et al. , 2004) which can result in sludge bulking and thus results in poor 

settling properties within such systems. Solutions to this problem would provide the 

novel nitrogen-fixation based treatment technology with the potential for significantly 

broader application for the treatment of nitrogen deficient wastewaters. 
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Aerobic granular activated sludge technology has been identified as a promising new 

technology. This process has been found to fonn finite, well defined, aggregates 

comprised of cellular biomass and extracellular constituents. The aggregates 

themselves have been found to have superior settling characteristics whilst 

maintaining good treatment of influent carbonaceous material. 

It has been found that, for the development of granules within aerobic reactors, 

sequencing batch reactors (SBR) are preferential (Liu and Tay 2004a). The SBR 

systems are run under a discontinuous flow regime with a set period of time allocated 

for each stage of the complete reaction cycle. This discontinuous regime has been 

found to have advantages, with feast to famine feeding schedules and periods of high 

turbulence balanced with periods of quiescence. 

A review of the literature frrnnd that no publications existed on nitrogen fixing 

granular systems. While publications existed on each topic separately it was unknown 

if the two technologies could be successfully integrated into a single system. The core 

of this challenge was the conflict between requirement for oxygen concentrations 

fi.)r the functionality of the nitrogen fixing enzyme, nitrogenase, and the granule 

associated requirement of high turbulence, which in the majority of cases is in the 

fonn spargmg into the reactors. However. some preliminary experimentation led 

to the hypothesis that nitrogen fixing granular systems could be a viable technological 

opportunity. 

Literature alluded to the ability of shortened settling times to aid in the selection of 

faster settling particles which can serve as a starting point fr)r granular growth. 

Similarly the effect of turbulence on regular systems has been noted. However, the 

effect of increased turbulence on systems where nitrogen fixation is necessary has not 

been investigated. 

LBM Tan Page 10 



The central aim of this thesis was the generation of an aerobic ,granular activated 

sludge system, that would be capable of effective treatment of nitrogen deficient 

wastewater without the supplemental addition of nitrogenous compounds. 

Specifically, the objectives of this thesis were to investigate: 

1. The effect of extreme nitrogen deficiency, in a carbon containing wastewater, 

on 6rranulation. 

2. The effect of settling time on selection and granule characteristics. 

3. The effect of turbulence on granules grown under nitrogen deficient 

conditions. 

These objectives. are further detailed within the research questions posed frlllowing 

the Literature Review. 
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Chapter 2: Literature Review 

2.1 Introduction 

Environmental policies for both industrial and municipal wastewater continue to 

become stricter. Continual advancement in wastewater treatment technology is 

required to meet the increasingly stringent threshold limitations for these wastes. 

One such advancement is the development of nitrogen-fixing activated sludge 

systems, whereby micro-organisms capable of converting atmospheric nitrogen into 

biochemically available fonns are harnessed to provide a nitrogen deficient system 

with enough nitrogen for growth to occur. Both nitrogen fixing and conventional 

activated sludge technologies have similar processes. Through aerobic biological 

reaction , biomass aggregates fonn , usually in the fonn ofbioflocs (clusters of 

microbial cells and colonials that have agglomerated together) , and then the unsettled 

portion is discharged within the effluent. Unfo1iunately, the potential for relati vel y 

poor sludge settleability of the nitrogen-deficient systems is an issue for full-scale 

implementation (Andreasen et al. , 1999; Thompson and Forster 2003 , Dennis et al., 

2004). 

An approach for ensuring effective separation of solids from treated effluent is to 

immobilize biomass in the fom1 of microbial granules. Compared to bioflocs, 

granules have high density, strong microbial structure and impo1iantly good 

settleability. This literature review was canied out to investigate how granulation 

could potentially advantage nitrogen fixing wastewater treatment systems. As this 

thesis involved an attempt to generate hyb1id nitrogen fixing aerobic granu lar 

technology, both nitrogen fixation and aerobic granu lar systems were reviewed. 

2.2 Nitrogen Fixation 

itrogen fixation is the reduction of atmospheric nitrogen to ammonium, catalysed by 

the nitrogenase enzyme, as shown by the fo llowing reaction: 
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N2 + 8H+ + 8e- + 16MgATP- 2NH3+H2+16MgADP+l6Pi (Dixon and Kahn , 2004) 

The process is an anaerobic or microaerophilic process utili sed by aerobic, 

facultatively anaerobic or anaerobic bacteria (Mulder and Brotonegoro, 1974; Stan- et 

al., 198 1 ). The component proteins of nitrogenase are extremely oxygen sensiti ve and 

thus aerobic bacteria have been found to possess varying mechanisms to survive 

oxygen inhibition , including respiratory protection, enzyme confonnational protecti on 

and alginate or slime formation (Postgate, 1974; Oelze, 2000; Sabra et al. , 2000). 

Such mechani sms allow two apparently paradoxical processes to occur together 

within the sam e cell, namel y aerobic respiratory metabolism, coupled with anaerobic 

nitrogenase activity. 

2.2.1 Nitrogen Fixing Microorganisms 

A number of different organi sms and groups have been fo und to have nitrogen-fixing 

potential. The conditions under whi ch these bacteria are able to operate also differ 

which means that different populations can be utili sed to acquire nit rogen even under 

vari ed conditions . A li st of these bacteria can be found in Table 2.1. Thi s emphasises 

the different conditions that can fac ilitate nitrogen fixation. Within similar nitrogen 

deficient studies (Gapes et al., 1999; D enni s et al. , 2004) the bacteri a of interest have 

been those that can survive under aerob ic and mi croaerophi lic conditions. 

Table 2.1 Bacteri a known to fix nitrogen under different conditions (Baliss 
et al. , 1996; Chen et al., 1984 ; Gapes et al. , 1999 ; Kargi and 6 zmih9i , 

2002a,2002b,2004) 

Aerobic 

Azotobacter chroococcum 

Azotobacter vinelandii 
Azotomonas 
Azotococcus 

Biejerinckia spp 
Derxia spp 

Escherichia Cali 

LBMTan 

Microaerophilic 

Enterobacteriaceae 

Methylococcaceae 
Pseudomonadaceae 

Rhizobiaceae 
Beggiatoaceae 

Azospirillum spp 
Xanthobacter spp 

Mycop/ana spp 
Campy/obacter sputorum 

Anaerobic 

Vibrioaceae 

Bacillus 
Klebsiel/a 

Rhodopseudomonas 
Clostridia 
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2.2.2 Application for Nitrogen Fixation: Treatment of Nitrogen Deficient Wastes. 

Nitrogen fixation has been found to be a significant component of the nitrogen cycle 

as it is the primary means for atmospheric nitrogen to be converted into biologically 

available fonns (Brock et al., 1984). Its uses within industrial processes have on ly just 

begun to be explored. 

For the treatment of a nitrogen-deficient wastewater the nitrogen fixation process 

becomes important as it allows a system to self-regulate the concentration of 

nitrogenous compounds. This results in lower concentrations of soluble nitrogen 

within the effluent streams of system where fixation occurs than supplemented 

systems (Dennis et al. , 2004; Gapes et al. , 1999; Slade et al. , 2003 and 2004a). Two 

relevant industrial applications that have been investigated so far are that of the 

treatment of olive-milling (Baliss et al., 1996; Ehaliotis et al., 1999) and pulp and 

paper mill wastes (Dennis et al., 2004; Gapes et al. , 1999; Slade et al. , 2003 and 

2004a). The case of treatment of pulp and paper wastes is reviewed further. 

Within the thermomechanical pulping wastewater used in the stud y by Denni s et al. 

(2004) , the ratio of available carbon to nitrogen (measured as the BOD: ratio) was 

found to be I 00:0.8 . This represents a substantial nitrogen deficiency; Mobius ( 1991) 

found that a maxi mum BOD:N ratio of I 00:3.5 was required in order for optimal 

biomass growth to occur. Typically the nitrogen within this wastewater would be 

supplemented in the fom1 of urea (Kargi and Ozmih9i , 2002a, 2002b & 2004; 

Thompson and Forster, 2003) to reach a concentration to enable sufficient growth to 

occur. If the level of supplementation was too low, then optimal growth would not 

occur; if the level were too high , then elevated levels of soluble nitrogen would pass 

through the reactor increasing effluent nitrogen concentrations (Dennis et al. , 2004; 

Gapes et al. , 1999; Kargi and 6zmih9i , 2002a; Slade et al., 2003 and 2004a). 

Alternatively, a nitrogen fixation technology could be employed. Extensive testing 

has shown the inherent technology to be both robust and manageable and its 

elimination of nutrient addition has been noted to save between 25 and 35 % of 

operating costs (Slade et al. , 2003 & 2004b ). Clark et al. (1997) investigated the 
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treatment of pulp and paper wastewater occurring in aerated stabilisation basins where 

nitrogen fixation was known to occur. It was found that 600 kg/d of nitrogen was 

being fixed fix microbial growth within the pond system. For this nitrogen 

requirement to be supplemented in the form of urea it would represent around 4 70 

tonnes each year. This highlights some of the savings made through harnessing 

nitrogen fixation. 

One issue that nitrogen-deficient activated sludge systems have is that of poor sludge 

quality. Frequently these systems are plagued with sludge bulking and poor settling 

solids through high proportions of highly filamentous bacteria (Andreasen et al., 

1999, Thompson and Forster, 2003; Slade et al.. 2004a). Despite this problem, 

nitrogen-fixing systems have been shown to effectively remove both the soluble and 

suspended contaminants from wastewater. Futiher details on sludge bulking are 

detailed within the flowing sludge quality section. 

2.2.3 Limitations of Nitrogen Fixing Systems 

2.2.3.1 Treatment Pcrformcmcc 

A direct comparison between nitrogen supplemented and nitrogen deficient laboratory 

systems treating bleached kraft mill effluent (Gapes et al .. I 997) f()Lmd that the 

nitrogen fixing system removed carbon at slightly lower efiiciencies than the nitrogen 

supplemented system. However, the lower efficiencies were off-set by the fact that the 

concentration of ammonia within the nitrogen fixing effluent was found to be 

significantly lower (0.5 - 0.7 mg/L) than the nitrogen supplemented reactor (2.1 4.4 

mg/L ). This highlights one of the major advantages of nitrogen fixing systems, in that 

the cells regulate their nitrogen uptake through biochemical fixation, taking in only as 

much as they require. The soluble nitrogen concentrations arc thus consistently 

extremely low, a very difficult task to achieve via controlled supplemental addition in 

full-scale treatment plants. 
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2.2.3.2 Sludge Quality 

Sludge bulking is major indicator that a system has poor sludge quality. Bulking 

occurs when filamentous bacteria become dominant within a system and the 

branching filaments cause the biomass to clump together and impedes its settlement 

within the reactor. 

A number of studies have been carried out to detennine the difference between 

systems run under both nitrogen supplementation and nitrogen deficient conditions. 

The quality of sludge was found to be a common benchmark within many of these 

studies and emphasises the problems that may arise through bulking. 

The quality of sludge is generally detem1ined through the key parameter of the rate at 

which particles settle within a system. The sludge volume index, SVJ , is the standard 

measure and is determined by the volume to weight ratio after the system biomass has 

settled for a period of time (for a more detailed description see Chapter 3 Section 

3. 7. 9). Higher SVI values are indicative of systems that have poor settleability and 

thus their effluents tend to have correspondingly higher levels of solids . 

Sheker et al. ( 1993) initially ran reactors in nitrogen deficient mode and then added 

nitrogen to the feed regime. This resulted in a major decrease in the SVI as it dropped 

from 550 down to 125 mL/g within 5 days of supplementation. Effluent from this 

system was found to be highly turbid following addition , due to high growth rates for 

dispersed bacteria. 

The effect of carbon:nitrogen ratio within the feed has been investigated. It was found 

that altering this ratio also had a significant effect on the bulking nature of the sludge 

as is shown in Table 2.2 (Peng et al. , 2003). As the amount of nitrogen added to the 

system decreased to severely deficient levels, the SVJ increased significantly and the 

biomass concentration within the reactor was unable to be maintained at 2.0 g/L. 
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Table 2.2 Effect of carbon:nitrogen ratios within the feed on reactor 
characteristics (Peng et al., 2003). 

Sludge Volume Suspended 
BOD:N ratio Index (SVI) Solids (MLSS) 

(mL/g) (g/L) 

100:5 40 1.9-2.1 
100:4 70 1.9-2.1 
100:3 228 1.9-2.1 
100:2 250 2.0 

100:0.94 458 1.3 

Kargi and Ozmih9i (2002a & 2002b) found that systems where Azotobacter was 

present had an increased carbon removal efficiency and effluent carbon concentration . 

Kargi and Ozmih9i (2002b) found that in order to achieve 90 % removal efficiencies 

within Azotobacter supplemented systems, the loading rate must be below 50 

kgC0D/m3/h. 

Operating at high BOD:N ratios have also been found to have adverse effects on some 

activated sludge systems with bulking and filamentous growth causing poor settling of 

particles and high sludge volume indices SYI (Andreasen et al., 1999; Peng et al., 

2003 ; Thompson and Forster 2003 ; Sheker et al. , 1993). 

Dennis et al. (2004) found that within nitrogen fixing systems the SYI improved 

significantly when the apparatus used to grow the microbial populations was changed 

from a continuously stined tank reactor (with an average SYI of 600 mL/g) to an SBR 

(average SYI 200 mL/g). 

Clearly, poor sludge quality appears to be an intrinsic feature of nitrogen deficient 

systems and interaction with good settling granular technology is hoped to be 

beneficial. The use of SBR for generating nitrogen-fixing biomass represents a 

definite opportunity in improving sludge settleability and this has immediate and 

obvious parallels to the development of granular sludge. 
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2.2.4 Affinity for Oxygen 

Slade et al. (2003) investigated the effect the dissol ved oxygen concentration level 

had on an aerobic nitrogen fixing system. Three dissolved oxygen levels were 

investigated: conventional 30 % saturation, low 14 % saturation, and very low 5 % 

saturation. This study found that as the oxygen concentration decreased , the amount 

of solids within the bioreactor increased , reflecting a decrease in the sludge volume 

index (thus reduced bulking effect) as is shown in Table 2.3 . Due to the decrease in 

oxygen concentration, greater levels of nitrogen fixation were able to occur, and thi s 

is reflected in the ' decreased ' nitrogen removal efficiency found within the system 

when it was operated at low DO. 

Table 2.3 Effect of Dissolved Oxygen concentration on treatment and 
reactor characteristics (S lade et al. , 2003) 

Convential Low Very Low 
30 % 15 % 5% 

Dissolved Oxygen (mg02/L) 2.2 1.0 0.3 
SVI (ml/g) 286 201 184 
TSS (mg/L) 3535 4973 5280 
COD101 removal % 82 87 87 
TKN removal % 71 54 24 

2.3 Aerobic Granulation Technology 

As bacteria and other micro organisms consume substrates and grow, they tend to 

aggregate together to fom1 vatious types of macrostructures . Under va1ious selection 

pressures, these aggregate forms can develop further to form a compact and dense 

body, which has been defined as a granule. 

Aerobic granules are desirable for their abi lity to treat industrial and municipal 

wastewater and remove both organic carbon and nutrients from effluent streams 

(Dulekgurgen et al. , 2003 ; Yang et al. , 2004; de Kreuk et al. , 2005). Granules have 

high settling velocities which lead to good solid-liquid separation and high biomass 
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retention times . Aerobic systems have been shown to have the propensity to treat 

wastewater with high loading rates and cope with variable influent concentrations. 

Most studies have used sequencing batch reactor (SBR) systems to generate granules 

(Morgenroth et al. , 1997; Beun et al. , 1999; Tay et al., 200 I a, 2002 , 2004a,b; Jiang et 

al. , 2002 ; Moy et al. , 2002 ; McSwain et al., 2004 ; Schwarzenbeck et al. , 2004). The 

settling and decant stages have been found to have significant impact on the fonnation 

process. In contrast to continuously fed systems, SBR systems have varying substrate 

concentrations as the cycle advances through its sequences. This has the advantage of 

varying the penetration depth of substrate, through concentration gradients, into the 

granule potentially creating a feast and famine regime which has been found to 

enhance growth (Bossier and Verstraete, 1996). Figure 2.1 shows the sequences that 

occur with the SBR as well as the relative substrate and dissolved oxygen 

concentrations within the reactor during these periods. 

0 

0 

FEED REACT1 

Low Substrate High Substrate 
Low DO Moderate DO 
No mixing Mixing 

O 0 

(~ 
ACT2 

Low Substrate 
High DO 
Mixing 

SETILE 

Low Substrate 
Low DO 
No mixing 

Figure 2.1 Schedule of Sequences within the Reactor 

2.3.1 The Formation of Aerobic Granules 

CANT 

Low Substrate 
Low DO 
No mixing 

Figure 2.2 shows a granulation mechanism as proposed by Beun et al., (1999). 

Initially, filamentous bacteria, found within the inoculum, bind together and enmesh 

other bacteria and particulate material, fanning the initial-stage granule. 

Hydrodynamic forces within the system cause attrition of these filamentous off-
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shoots. Bacterial micro-colonies fonn within the 6rranule. As the granule continues to 

grow, the central structure of the granule begins to weaken, until the granule breaks 

apart The micro-colonies however, are stable enough to act as cores for new granular 

f,>TOWth. 

Reactor inoculum, whether it be 6rranules, floes or suspended cells, was found to alter 

the mechanism in which granules were formed with larger particles taking less time to 

morphologically alter to become more granular characteristically (Beun et al., 1999) . 

• 

Figure 2.2 Proposed mechanism of granulation after the start up of a SBR 
with a short settling time (Beun et al .. 1999). 

Growth within a granular system can occur via increased numbers of free-swimming 

bacteria, small floes or on the surface of pre-existing granules. This implies that the 

hydraulic retention time (HRT) will effect granule fomrntion. Reduced retention times 

result in higher levels of washout of the poor settling, non granular pa1iicles (such as 

the free-swimming bacteria and floes) within the reactor (Morgenroth et al., 1997; 

Beun et al., 1999; Jang et al., 2004; Pan et al., 2004). Pan et al. (2004) found that at 

low HRT ( 1 h) all the biomass within the system was washed out resulting in reactor 

failure. At a long HRT (24 h) the granule population was gradually substituted by 

bioflocs. Short HRT were also found to have decreased sludge production but the size 

of granules was found to be larger than at longer HRT. 
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The ideal temperature and pH conditions for aerobic granulation have not been 

investigated. Liu and Tay (2004) suggested that these two parameters are not as 

important for aerobic systems as they are for anaerobic systems. Generally aerobic 

systems have been run between 20 and 25 °C which is lower than fi)r their anaerobic 

counterpaiis. 
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2.3.2 Factors Affecting Aerobic Granulation 

2.3.2. 1 Settling Time 

Aerobic granular biomass has been found to have faster settling velocities and higher 

densities than flocculent biomass. As such, reducing the period of time allowed for 

solid-liquid separation can be used for preferential selection of granules (Beun et al., 

2002; Wang et al. , 2004). Sequencing batch reactors (SBR), which all ow 

manipulation of settling and decant stages, are therefore ideal for granule 

development ( eg. Morgenroth et al. , 1997; Beun et al. , 1999; Tay et al., 200 I a, 2002 , 

2004a,b; Jiang et al. , 2002 ; Moy et al. , 2002; McSwain et al. , 2004; Schwarzenbeck et 

al. , 2004). 

The effect of settling time on the development of aerobic granules has been studied 

(McSwain et al. , 2004; Qin et al. , 2004). Only when the settling time of the SBR was 

shorter than 5 minutes would the suspended sludge be washed out of the system and 

granules become dominant within the system. In systems with longer settling times 

both floes and granules were found simultaneously with neither form becoming 

predominant. 

To help select for granules with faster settling velocities , reactors with high height to 

diameter (HID) ratios have been used (Beun et al. , 1999). Particles with poor settling 

qualities are more likel y to be washed out due to both the increased settling distance 

and the increased time required for particles to settle below reactor decant line, prior 

to effluent removal commencing. These reactors also have the added advantage of 

having a smaller reactor footprint. 

2.3.2.2 Turbulence 

Turbulence within a reactor has been found to have significant influence on fonnation 

of granules. Tay et al. (200 I a,b) and Liu et al. (2003b) found that the turbulence, such 

as that caused by aeration, dete1mines whether granulation will occur. At low 
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superficial upflow air velocities of less than or equal to 0.8 cm/s no granules fonned 

and fluffy floes were dominant within the reactor. As the air velocity increased to 2.5 

cm/s regular-shaped spherical granules became dominant. 

The roundness of the granules was also found to be proportional to the superficial air 

velocity within the reactor (Liu et al. , 2003b). This smoothing of the granule surface 

was found to be caused by high gas velocities detaching fil amentous outgrowth , 

which are washed out with the effluent (Beun et al. , 1999). 

The upflow pattern in liquid and air column reactors was found to create a consistent 

circul ar flow dynamic within the reactor. This consistent shear is capable of creating 

regularly shaped gran ul es . However, in reactors mixed with stirrers or impellers, areas 

of locali sed hydrodynamic forces are created. This dispersed flow regime means only 

irregularly shaped floes are able to fon11 (Liu and Tay, 2002). This shows that for 

regularly shaped granules to develop, shear forces within a system must be uni fo rm . 

Shown in Table 2.4 are the effects of increased turbulence on important characteristics 

within granular systems. As the applied specific upflow air velocity increased, the 

overall quality of granu les within the system improved. Granules were denser and 

settled better whilst having a higher biomass concentration. Of potential importance to 

nitrogen-fixing granu lar systems it appears that increased extracellular polysaccharide 

production can also be stimulated with increased turbulence. 

Table 2.4 Effect of increased Turbulence on system characteristics ["+" 
indicates an increase with increased turbulence, "-"indicates a decrease] 

(Tay et al. , 200 I b) 

LBMTan 

Characteristic 
Biomass Concentration 
Sludge Volume Index 
Specific Gravity 
Extracellular Polysaccharide Production 
Specific Oxygen Uptake Rate 

Result 
+ 

+ 
+ 
+ 
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The superficial gas velocity used to create the upflow effect with the reactor often 

detennines the di ssolved oxygen within a reactor. In systems where mixing is desired 

during an anaerobic stage of a cycle the oxygen levels can be controlled using 

alternative gases such as argon and nitrogen (Lemos et al. , 2003 ; AITojo et al., 2004). 

2.3.2.3 Substrate Composition and Loading 

Most studies on aerobic granules have utili sed a synthetic feed source with acetate 

often used as the carbon source (Tijhuis et al., 1994; Beun et al. , 200 I ; Etterer and 

Wilderer, 200 1; Tay et al., 200 1a; Beun et al. , 2002; Dulekgurgen et al. , 2003; Jang et 

al. , 2003; Liu et al., 2003b ; Toh et al. , 2003; Qin et al. , 2004). Other carbon sources 

include glucose (Etterer and Wilderer, 2001; Tay et al. , 200 I a; Yu et al. , 200 I ; Tay et 

al. , 2004a,b; Wang et al. , 2004); ethano l (Beun et al. , 1999; Yang et al. , 2003 and 

AITojo et al. , 2004); while molasses mixed wi th tap water was used by Morgenroth et 

al. , ( 1997) , and Heijnen et al. , ( 1992) used effluent from an anaerobic reactor (a feed 

that is high in vo lati le fatty acids). 

Tay et al., (200 I a) and Moy et al., (2002) compared glucose and acetate feed 

solutions. It was found that the granules fonned by these feeds were structurall y 

different. Acetate fed granules tended to be smoother with no presence of filamentous 

bacteria , whi le gl ucose fed granu les had a significant filamentous bacterial population 

resulting in a flu ffy outer surface. Both types of granules had a round-shaped outer 

structure although the glucose-fed granules were both larger and denser than those fed 

on acetate. The removal of organic carbon, however, was insignificantl y higher in the 

acetate (98 %) reactor than the glucose reactor (97 %). These studies show that the 

morphology of granules varied depending on the carbon source used . Due to the 

filamentous nature of bacteria that were found within systems where glucose was the 

carbon feed , acetate is a prefeITed feed media for enhancing the settleability of the 

granule population. 

There have been few studies on granulation systems that have used industrially 

sourced wastewater (AITojo et al. , 2004; Schwarzenbeck et al., 2004; Su and Yu 
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2005). However it has been speculated that the colloidal material in real wastewater 

could be adsorbed onto the surface of granules creating areas of high concentration of 

organic particles (Bossier and Verstraete 1996). These areas of high concentration 

could be beneficial as they allow greater rates of substrate diffusion throughout the 

granule. Real wastewater presents a problem in its uncontrollable variability. Events 

within industrial , or even municipal , processes mean that the loading of compounds 

within a stream can vary significantly. This problem is further enhanced through 

biological deterioration; Schwarzenbeck et al. (2004) found that if the residence time 

within the wastewater storage vessel was too long only pre-digested feed was fed to 

the reactor. Granular systems however have been found to be able to cope with these 

variations in loading. While the ultimate aim of wastewater treatment research is to 

appl y technologies to real wastes, due to the potential variability of real wastewater, 

and the difficulti es this b1ings with developing real understanding of treatment 

fundam entals, synthetic wastewater was utili sed within the scope of thi s study. 

The effect of organic loading rate (OLR) in aerob ic granular systems has been 

investigated (Moy et al., 2002 ; Tay et al. , 2004a,b). Moy et al. (2002) used two 

reactors, one fed on acetate the other on glucose, with the OLR of these systems 

graduall y increased throughout the stud y. For the acetate-fed reactor, gran ules began 

appearing 3 weeks after stai1 up at 6 kgCOD/(m 3 .d) and were compact and regular. 

However, as the OLR was increased to 9 kgCOD/(m3.d) the granules became unstab le 

and disintegrated. ln the glucose-fed reactor, granules also formed after 3 weeks at 6 

kgC0D/(m3.d) but these had a fluffy outer appearance. As the OLR was increased 

these granules did not di sintegrate, instead becoming smooth but irregu larly shaped 

and growing from a mean diameter of2 .7 mm to 3.3 mm at 15 kgC0D/(m3.d). The 

increase in OLR was also found to increase the settling velocity of granules and 

decrease the settled volume index (SVI) , both of which are favourable characteristics 

for granules. Tay et al. (2004a) fo und that at low OLR of 1 and 2 kgC0D/(m3 .d) 

aerobic granules could not be fom1ed . Granul ar sludge was generated at higher rates 

of 4 and 8 kgC0D/(m3 .d) but those under the higher OLR were unstable and were 

washed out of the reactor. Within the 4 kgC0D/(m3.d) reactor a suspended solids 

concentration of 12 g/L was achieved with a SVI of 24 mL/g and a high removal rate 

of soluble COD of99 %. Liu et al. (2003b) investigated the effect ofOLR on the 

LBMTan Page 25 



hydrophobicity of aerobic granules. Increasing the organic loading rate from 1.5 to 9 

kgCOD/(m3.d) found that there was little effect on the hydrophobicity of the granules. 

This shows that the OLR of the system needs to be maintained above a minimum 

threshold where aerobic granules have not been found to fonn, but below a maximum 

threshold where the granules may eventually disintegrate. 

Calcium was found to have an affect on the ability of anaerobic systems to granulate. 

Precipitation reactions between calcium and phosphate were found to provide inert 

supports for bacterial growth. High concentrations of calcium may have adverse toxic 

effects. It was found that a calcium concentration up to 300 mg/L was beneficial 

however at concentrations greater than 600 mg/L calcium became detrimental to 

growth (Yu et al. , 200 I). 

2.3.2.4 Hydraulic Retention Time 

The hydrau lic retention time (HRT) of a system is an important characte1istic of a 

granular system. Growth within a granular system can occur in the fonn of increased 

numbers of free-swimming bacteria , small floes or an increased population on the 

surface of pre-existing granules . Shortening of the HRT results in hi gher levels of 

washout of the poor settling particles , such as the free-swimming bacteria and floes , 

within the reactor (Morgenroth et al., 1997; Beun et al. , 1999; Jang et al. , 2004; Pan 

et al. , 2004 ). 

The volumetric exchange ratio (VER) of a system detem1ines the proportion replaced 

during each cycle. The HRT of the system is reliant on both the VER and total cycle 

time following the following equation: 

Hydraulic Retention Time = Cycle Time / Volumetric Exchange Ratio 

Pan et al. (2004) evaluated the effect of HRT on the development of aerobically 

grown microbial granules. This study found that at low HRT (1 h) all the biomass 

within the system was washed out resulting in reactor failure. At a long HRT (24 h) 

the granule population was gradually substituted by bioflocs. Short HRT were also 
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found to have decreased sludge production but the size of granules was found to be 

larger than at longer HRT. This shows that there is a definite balance to be achieved 

between both long and short retention times. 

2.3.2.5 Aerobic Starvation 

Aggregation and granulation have been found to be effective protection strategies for 

bacteria against starvation. Short periods under starvation conditions were found to 

increase the cell surface hydrophobicity of granules causing stronger cell-to-cell 

interactions and a denser, more stable structure (Bossier and Verstraete, 1996; 

Watanabe et al. , 2000). 

Granules have the potential to can-y out nutrient and carbon-removal in both oxygen 

rich and oxygen depleted environments. As the diffused oxygen levels within the 

granule decrease towards to the centre of the molecule, it is possible for anaerobic and 

anoxic zones to occur. Anoxic zones within aerobic granules have been found in 

which the removal nitrates through denitrification has been observed (Etterer and 

Wilderer, 2001 ; Beun et al. , 2001 , 2002; Jang et al., 2003; Yang et al. , 2003). The 

presence of oxygen impedes denitrification ; however, the nitrifiers help keep the 

oxygen from penetrating into the centre of the granule o denitrification can occur 

(Beun et al., 200 I). With similar interference caused by oxygen to the nitrogen 

fixation process, it was hypothesised that the creation of low oxygen concentration 

zones within the granule would be ideal for the growth of nitrogen fixers. 

The nature of SBR reactors means that the feed is pulsed into the system. This results 

in a feast/famine regime where directly following the feed stage the substrate 

concentration is high but then as this is consumed the microorganisms within the SBR 

are subjected to a petiod of starvation (Tay et al. , 2001 a). This has been found to 

facilitate microbial adhesion and aggregation (Bossier and Verstraete, 1996; 

Watanabe et al., 2000). 
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2.3.2.6 Seed Sludge 

The inoculum for the majority of aerobic granular studies was sourced from municipal 

wastewater treatment plants (Morgenroth et al., 1997; Etterer and Wilderer, 2001; Tay 

et al., 2001a; Beun et al., 2002; Dulek6,urgen et al., 2003; Jang et al., 2003; Liu et al., 

2003b; Tsuneda et al., 2003; Yang et al., 2003, 2004; Qin et al., 2004; Wang et al., 

2004 ). Sludge from standard SBR was also used as inoculum by Beun et al., ( 1999) 

and Arrojo et al., (2004). 

Supplementation with specific bacteria has been frmnd to improve treatment 

efficiencies within nitrogen fixing systems. Addition of nitrogen-fixing Azotobacter 

was found to significantly improve COD removal efficiencies in activated sludge, 

(Kargi and 6zmih9i, 2002, 2004a & 2002b) and this could be implemented similarly 

with granular sludge. This would insure that the system would have an initial 

population of bacteria capable of fixing atmospheric nitrogen. This would greatly 

reduce the time required for a system to reach a stable nitrogen fixing population. 

2.3.3 Characteristics of Aerobic Granule:,; 

2.3.3. I Morpholog1· 

The diameter and surface structure of aerobic granules is largely deten11ined by the 

substrate used as a carbon source, the organic loading rate that is being applied to the 

system and the hydrodynamic forces within the system. 

In many cases, as aerobic granules grow larger they become more prone to shear 

stresses, either through bacterial decay, EPS consumption or production of organic 

acids and associated gases, and so are more likely to disintegrate (Morgenroth et al., 

1997; Wang et al., 2004). Pores within the structure of the granule can cause it to 

become less dense, inhibiting settling and causing washouts (Morgenroth et al., 1997). 

These pores may also become filled with biogas (such as those evolved through 

anaerobic processes) or other gases. These gases create a buoyancy force which can 

cause uplifting of the 6rranule (Toh et al., 2003). 
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EPS has been found to encapsulate granules, encouraging adhesion of cells to the 

granule, helping stabilise membrane structure and acting as a potential protective 

barrier (Liu et al., 2004). 

Toh et al. (2003) found that as aerobic granules increased in size, the settling velocity, 

and the overall density of the granule all increased (although not necessarily in linear 

proportion to the size increase). The increase in settling velocity can be attributed to 

Stoke's settling law (as follows) and it has been hypothesised that the density increase 

could be caused through accumulation of inorganic solids within a granule matrix . 

This equation applies as during the settling phase the reactors are subjected to 

quiescent conditions. 

Stoke's law tenninal settli ng velocity (Perry et al. , 1997): 

U I = w ~=JQ~__:_Q} 
18µ 

Where u1 = the tenninal or free-settling velocity (m/s) 

g = acceleration due to gravity (m/s2
) 

ds = diameter of the particle (m) 

Ps = density of the particle (kg/m 3
) 

p = density of the medium (kg/m3
) 

µ = viscosity of the medium (Pa.s) 

Table 2.5 shows the sizes of granules found within aerobic granular systems. From 

this table it is evident that the size of granules has a high variability; the sizes vary 

from less than 0.5mm to over 6mm. The size appears to be dependent on the system 

characteristics, in particular the substrate and its loading rate as well as the settling 

time and turbulence. 
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Table 2.5 Granule Diameter values found within Literature 

Reference 

Beun et al. ( 1999) 
Etterer and Wilderer (2001) 
Tay et al. (2001) 
Beun et al. (2002) 
Moy et al. (2002) 
Jang et al. (2003) 
Tsuneda et al. (2003) 
Yang et al. (2004a) 
Yang et al. (2004b) 
Su and Yu (2005) 

2.3.3.2 Settleabilitv and Density 

Mean Diameter 
(mm) 
2.10 

1.10 to 6.50 
1.10 to 2.40 

2.50 
1.96 to 4.20 
1.00 to 1.30 

0.35 
0.25 to 0.51 
0.37 to 2.00 

1.22 

The settling velocity of the granules and the SVI governs the settleability of granules. 

Faster settling granules with a low SVI have a better-defined solid-liquid interface 

allowing for more efficient solid-liquid phase separation. Table 2.6 shows sludge 

quality values from literature. The SVI values for granular systems are much lower 

than those reported for biofloc systems (as shown previously in Table 2.2 and Table 

2.3). 

Table 2.6 Granular Sludge Volume Index values found within Literature 

Reference 

Tay et al. (2001) 
Moy et al. (2002) 
Arrojo et al. (2004) 
Mcswain et al. (2004) 
Schwarzenbeck et al. (2004) 
Su and Yu (2005) 
Tay et al. (2004) 

SVI (ml/g) 

50 to 85 
31 to 106 

60 
47 to 115 
30 to 40 

30.8 
20 to 60 

Investigation into the settling velocities from granular studies (Table 2. 7) found that 

there was significant variation in the rates the particles settled, which were caused by 

a large number of variables. Still, most studies found settling velocities between 0.8 

and 1.0 cm/s. 
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Table 2. 7 Granular Settling Velocities found within Literature 

Reference 

Morgenroth et al. (1997) 
Beun et al. ( 1999) 
Etterer and Wilderer (2001) 
Tay et al. (2001) 
Moy et al. (2002) 
Jang et al. (2003) 
Zhu and Wilderer (2003) 
Arrojo et al. (2004) 
Wangetal. (2004) 
Su and Yu (2005) 

Settling Velocity 
(cm/s) 

0.90 to 1.08 
0.67* 

0.35 to 2.00 
0.83 to 0.97 
1.47to3.11 
0.70 to 0.80 
0.83 to 1.94 

0.56 
0.91 * 
1.02 

*Denotes minimum required settling velocity within reactors 

The typical range of specific gravities for aerobic granules has found to vary between 

1.0 17 and 1.063 (Etterer and Wilderer, 2001 ; Tay et al. , 2004b; Su and Yu 2005). 

2.3.3.3 Spec(fic Oxygen Utilisation Rate 

The activity of microorganisms is typically defined through the specific oxygen 

utilisation rate (sOUR) . The sOUR can be used to compare activity rates between 

different systems. 

When aerobic microorgani sms respire, they consume oxygen , and the rate at which 

this consumption occurs is known as the specific oxygen utilisation rate (sOUR). The 

sOUR of different systems has been compared to detennine the effect on the reactivity 

on biomass. Zhu and Wilderer (2003) used sOUR to detem1ine the effect of extended 

storage time on the reactivity of granular activated sludge. Granules were stored for a 

7 week period (under anaerobic conditions) before the system was restarted and after 

only a week of operation the system had returned to the same operating status as 

before the idle period . 

2.3.4 Microbial Structure an.d Diversity 

Advanced microscopic and analytical techniques have been used to determine the 

structure of granular surfaces and substructures of granules. The results showed that 

many different surface characteristics are possible. Depending on the system 
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properties, in particular loading, substrate and hydrodynamic conditions, the surface 

was found to differ between several extremes. Some studies found granules to have 

smooth outer surfaces with hardly any filamentous growth (Moy et al., 2002; 

Dulekgurgen et al. ,2003; Jang et al. , 2003; McSwain et al., 2004; Qin et al., 2004; 

Yang et al., 2004 ), other studies found granules to have star-like appearances 

(Morgenroth et al., 1997; Tay et al. , 2001; Moy et al., 2002) and some were found 

look like "balls of yam" (Beun et al., 1999; Schwarzenbeck et al. , 2004). Examples of 

these characte1istic granules are shown in Figure 2.3. 

Figure 2.3 Granule pictures from literature. Left: smooth outer surface 
(Pan et al., 2004); Center: large surface area, irregu lar surface (Morgenroth 

et al., 1997); Right: "Ball of yarn" close structure highlights filamentous 
nature (Schwarzenbeck et al., 2004). 

Tay et al. (2002) used fluorescence in situ hybridisation (FISH) to investigate the 

spatial characteristics of granules with an average diameter of 2.4 mm. This study 

found that there were definite aerobic and anaerobic zones within a granule. At a 

depth of 70 - I 00 µm from the edge of the granule an aerobic layer was situated. 

Channels and pores within the granule were detected throughout the granule with the 

majority occurring between 300 - 500 µm into the granule. Between 800 - 900 µm 

into the granule an anaerobic layer was detected . 
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2.3.5 Applications of Aerobic Granulation Technology 

Aerobic granular systems have already been used to treat some real wastewaters. A 

number of studies have also been undertaken to detem1ine its suitability for treating a 

diverse number of different types of wastewaters. 

While some studies have shown that aerobic granules became unstab le and 

disintegrated at high loading, Moy et al. (2002) demonstrated that they were capable 

of treating 92 % of a 15.0 kgC0D/(m3.d) loading rate for at least a two week period . 

Thi s shows some of the vaiiance inherent within granular systems. 

It was found that simultaneous COD, nitrogen and phosphate removal by aerobic 

granules was also possible through selection of slow-growing organisms. Systems 

were stable over long periods ( > 150 days) and also found that anaerobic feeding 

periods resulted in the fom1ation of granu les that were more stable (de Kreuk et al. , 

2005) . 

2.4 Research Opportunity 

Nowhere within literature has the treatment of nitrogen deficient wastewater using 

granular technology been investigated . This knowledge gap allows a great opportun ity 

to develop a novel treatment process for these wastewaters and development of 

knowledge and understanding of interconnectivity between aspects in both 

technologies . 

Nitrogen fixing technology has been found to be a promising solution for the 

treatment of nitrogen deficient wastewaters. It has, however, been found to have poor 

sludge quality. Biomass within nitrogen fixing systems has been found to be highly 

filamentous , which causes poor settleability of biomass. 

The granulation of aerobic biomass has been investigated as a method of improving 

the settleability of a system while retaining its ability to treat wastewaters. Previous 
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studies have found that a number of conditions both favour and preclude granulation 

of sludge occuning within a system. From these conditions a series ofresearch 

questions have been generated. 

2.4.1 What Effect does Settling Time have on the Selection, Size and Morphology 

of Biomass within an Aerobic System? (Chapter 5) 

This chapter will detail the effect of settling time variation on the granul ation process 

on aerobic systems run without nitrogen deficiency. The effect of settling time will be 

explored on a non-nitrogen deficient system in order to detennine which settling time 

wou ld likely give the most suitable results for a nitrogen deficient system. 

2.4.2 What Effect does Extreme Nitrogen Deficiency have on Granulation within 

Carbonaceous Wastewaters? (Chapter 6) 

This chapter will detennine the effect of nitrogen deficiency on an aerobic granular 

biomass. Granulation of a nitrogen fixing system has , until now, not been researched . 

Investigation into the effect on size and morphology of granules and the overall 

treatment perfom1ance of the granular system will be carried out. 

2.4.3 What is the Effect o.l Turbulence and High Oxygen Concentrations 011 

Nitrogen Deficient Granular Systems? (Chapter 7) 

This chapter wi ll detennine the effect that increased rates of turbulence have on 

nitrogen deficient granular systems. The nitrogenase enzyme that faci litates nitrogen 

fixation is inhibited by the presence of oxygen so a balance between the requirement 

for turbulence, for granulation to occur, and protection of the fixation mechanism may 

be required. 
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Chapter 3: Materials and Methods 

3.1 Reactor Design 

Granular reactors are usually designed to have a high height to diameter (H/D) ratio 

and this has been identified as a key parameter for the fonnat of the reactor. Heating 

of the reactor was also required to attain temperatures suitable for growth. 

DO 
Probe 

Sample 
Port 

1000 mm 

-80 mm 

Figure 3.1 Reactor Design 

The reactors were designed to be I OOO mm in height and 80 mm in diameter, 

representing a HID ratio of 12.5. This is shown in Figure 3.1 . For reactors A, B, C , 

and G the react volume was 4.3 L. For reactors D, E , and F 4.3 L was the fill volume 

with the bed height varying based on the amount of aeration (ref er to Table 3.1 ). 

Five ports were installed on the side of the reactor at 50, 250, 425, 650 and 850 mm 

from the base. These ports had an internal diameter set at 8 mm which was 

determined from literature as a size that should allow the granule to pass through 
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unimpeded. Ports were clamped shut but allowed for access. From these ports both 

sampling and decanting was possible, with the port at 425 mm used for decantation at 

a volumetric exchange ratio (VER) of 50 %. 

Heating and cooling, within the reactors, was done by passing hot and cold water 

through a stainless steel tube. The temperature within the reactors was controll ed 

using a programmable logic controller (PLC) set at 30 °C. 

Air was suppli ed into the reactors through a di ffuser at the bottom of the reactors and 

controll ed at a dissolved oxygen (DO) set point by a PLC. 

Both the temperature and the DO were monitored using a sensor probe inserted from 

the top of the reactor. 

3.2 Control System 

Shown in Figure 3.2 is a screens hot of the operational PLC system fo r the granular 

reactors. Although the onscreen graph ics were ori ginally designed fo r a conventional 

SBR floe system, the in fo nnation provided by the interface was sufficient for both 

control and monitoring of the systems. The important features of the screen are 

shown. Area I shows the status of pumps within the system. When the Button is set to 

"Auto" the pump will ru n according to the scheduled operation times - in thi s 

example the DO pump is off A lso shown is the weight of feed held within the chi lled 

refrigeration unit. Area 2 shows the status of temperature control within the system. 

The positions of the hot and cold water inlets are represented and this shows whether 

and how much the valves are open. Area 3 reports the sensor information given by the 

DO probe as well as the setpoints for both the temperature and aeration. The 

percentage saturation within the system is reported as is the temperature (pH within 

the system was not measured) . Area 4 detail s the current phase details: the length of 

time elapsed in the cycle as well as the actual and setpoint readings for temperature 

and oxygen saturation . 
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Figure 3.2 Control System Screen. Area I : Feed and DO pump status; 
Area 2: Temperature control and valve activity; Area 3: Sensor 

lnformation ; Area 4: Sequence infonnation. 

3.3 Reactor Operation 

The reactors were run as sequencing batch reactors. Table 3.1 shows the experimental 

setup for the seven reactors run during the study and the conditions under which they 

were run . The high , moderate and low turbulence conditions were defined through 

upflow air velocities of 1.2 cm/s, 0.5 cm/ sand less than 0.5 cm/s respectively (further 

detailed in Chapter 7). 

Table 3.1 Reactor Conditions 

Name 
Settling 

Nutrients Turbulence 
Time 

Reactor A 1 minute N-Supplemented Moderate 
Reactor B 2 minutes N-Supplemented Moderate 
Reactor C 15 minutes N-Supplemented Moderate 
Reactor D 1 minute N-Supplemented High 
Reactor E 1 minute N-Deficient High 
Reactor F 1 minute N-Deficient Moderate 
Reactor G 1 minute N-Deficient Low 
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The systems used in this study were run as sequencing batch reactors. The four phases 

within each cycle were: 

I. Feed 

2. React 

3. Settle 

4. Decant 

While the Feed and Decant times were maintained at 30 and 15 minutes respectively, 

the settle time was varied between 1 and 15 minutes, and the react time was adjusted 

to provide a total cycle time of 6 hours. With a VER set to 50 %, this allowed the 

hydraulic retention time for all systems to be kept constant at 12 hours. 

Temperature within the reactors was controlled throughout the cycle, while aeration 

was only provided during the react phase. 

3.3.1 Feed Composition 

Sodium acetate was identified as a desirable and readily available carbon source and 

was used as that basis for the synthetic wastewater used to feed all reactors. From 

previous studies and literature, the amounts of macro and micro nutrients required 

were calculated. It was discovered during the first set of experiments that no 

potassium was being added for a period due to a change in the phosphorous salt being 

added to the reactor, this omission ,vas rectified by changing from Na2HP04 to 

KH2P04. The original omission led to a deficiency in potassium and hindered some 

f::,>rowth within the system. 

The theoretical chemical oxygen demand (COD), based on the concentration of 

sodium acetate (2.055 g/L) within the feed, was set at 1600 mg/L. This corresponds to 

a organic loading rate of 3.2 kgCOD/(m3 .d). Within the nitrogen fed reactors the 

theoretical concentration of nitrogen was 57 mg/L 
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Macro and micro elements were added as shown in the Table 3.2. Two impo1iant 

micronutJients within the feed were iron (II) and molybdenum. These two elements 

fom1 coordination compounds that help protect the nitrogenase enzyme from exposure 

to oxygen. 

Table 3.2 Final Feed Composition 

Compound 
Concentration 

(mg/L) 

Macro Nutrients CH3COO-Na+ 2055 .0 

MgS04.7H 20 30.0 

CaCl 2 .2H20 15.0 

NaHC03 6.9 

KH 2P04 35.1 
Nitrilotriacetic acid 15.0 
NH4CI (for nitrogen fed) 213.8 

Micro Nutrients FeS04.7H 20 0.4005 

H3803 0.4650 

CoS04.7H 20 0.1920 

CuS04.5H20 0.0165 

MnCl 2 .4H20 0.0144 
Na2Mo04.2H 20 0.1950 

3.3.2 lnoculum 

It was desired that the inoculum for the reactors, in particular the nitrogen deficient 

reactors, have a propensity for nitrogen fixation. From previous research (Clark et al. , 

1997; Gapes et al. , 1999) bacte1ial communities from the treatment ponds of pulp and 

paper mills have the nitrogen fixing characteristics. 

Reactors A, B, C and G were inoculated with seed microorganisms derived from three 

sources: a homogenised mixed liquor from a nitrogen deficient flocculating SBR; a 

solution of soi l bacteria grown in an acetate-based feed mixture; and a mixture of 

liquor from two pulp and paper wastewater treatment ponds. 
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Reactors D, E, and F were seeded from non-granular biomass sourced from two SBR 

reactors, one of which was running under nitrogen deficient conditions and the other 

running under nitrogen sufficient conditions. 

3.4 Mass Transfer Coefficient of Oxygen in Water (K1,a02) Determination 

To measure the mass transfer coefficient of oxygen within the reactors they were 

filled with the feed mixture and the oxygen within the reactors was then purged by the 

bubbling of argon gas through the column. The dissolved oxygen concentration within 

the reactor was then measured as air was sparged into the reactor. 

Using the ft)llowing equation from Pratt et al. (2004) a value for the mass transfer 

coefiicient was calculated. 

dC = Ktao2(Csa1-C) 

dt 

Where:C is the dissolved oxygen concentration [mgL 1
] 

t is time [hr] 

KLao:i. is the volumetric mass transfer coefficient [h( 1
] 

C'sat is the saturated dissolved oxygen concentration [mgL 1
] 

Using the mass transfer coefficient it was then possible to deten11ine the rate at which 

oxygen was being consumed during the biological reactions. 

3.5 Sample Acquisition 

Mixed liquor samples from the reactors were drawn from the ports located along the 

sides of reactors. From this primary sample sub-samples were taken for the various 

biochemical and image analyses. 
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3.6 Structural Characteristics 

3.6.1 Image Analysis 

Image analysis was carried out on samples to detern1ine the morphological 

characteristics of granules within the reactor systems. Images were acquired through 

use of a digital camera and stereomicroscope and analysed through the Image] 

software package. The development of the image analysis processes is detailed within 

Chapter 4. 

3.6.1.l Digita!Camcra 

Digital camera pictures used were acquired using a SONY DSC-F707 digital still 

camera with 1 Ox Zoom and 5.0 Mega Pixel resolution. 

Using the images acquired using the camera, the size and circularity distributions for 

each reactor were calculated. 

3. 6.1.2 Stcrcomicroscopc 

A Nikon Coo!Pix990 digital camera with Zoom and 3.34 Mega Pixel resolution 

attached to a Lcica MZ 125 stereomicroscopc was also used for microscopic 

observations of individual granules. 

3.6.1.3 Image} 

Pictures were processed using Image], public domain image analysis software, and 

this process can be found in the following chapter. ImageJ itself can be downloaded 

from the http://rsb.info.nih.gov/ij/ website. 
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3.6.2 Population Characterisation 

The Te1111inal Restriction Fragment Length Polymorphism (TRFLP) technique was 

investigated as a tool for detennining the distiibution of microbial populations based 

on the 16s RNA genes (Hiraishi et al. , 2000). TRFLP was primarily employed to 

identify differences in population within the nitrogen deficient and nitrogen 

supplemented reactors . Samples were frozen and sent to the EcoSmai1 Technologies 

Microbial Lab for analysis. 

The procedure involves PCR amplification and fluorescent labelling of the 

environmental 16s R A genes, digestion of the PCR product with restriction 

enzymes, and T-RF separation by automated electrophoresis. 

3. 6.2. I Further Microscopy 

Fluoresence in-situ hybrid isation (FISH) was attempted . Samples were frozen and 

sent to the EcoSmart Technologies Microbial Lab for analysis . However due to the 

size and cellul ar density of specimens this technique was fo und to be inconclusive. 

Other aerobic granu lar stud ies have however made use of FISH with success (Jang et 

al., 2003). This type of mi croscopy has the potential to develop understanding of the 

characteristics of nitrogen fixing aerobic granu les and future work to investigate this 

should not be ruled out. 

3. 7 Biochemical and Treatment Characteristics 

3. 7.1 Suspended Solids 

The suspended solids in the mixed liquor and supernatant were measured using a 

similar method to that outlined in APHA-A WW A-WPCF "Standard Methods". 25 mL 

of sample was filtered through pre-weighed GFC filter papers. The papers were then 

dried in an oven at 105 °C overnight before being reweighed and placed in a furnace at 
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over 500 °C. This gives the values for total suspended solids and the volatile suspended 

solids for each of the samples 

3. 7.2 Carbohydrate 

The carbohydrate concentration within samples was measured using a phenol

sulphuric colo1imetric assay developed from Dubois et al. (1956). Phenol and 

concentrated sulphuric acid were added to the samples and reacted in a water bath at 

30 °C for 10 minutes. Samples were then read using a spectrophotometer at 490 nm . 

Comparison of sample absorbance and glucose standard absorbance gives the 

equi valent carbohydrate concentration . 

Three parts of each sample were analysed: the total mixed liquor, the filtered solubl e 

fraction , and the third is the centrate sample. Using these va lues it was then possible 

to calculate both the EPS fraction (difference between the centrate and so lubl e va lues) 

and the solid fraction (difference between the total and soluble values). 

3. 7.3 Chemical Oxygen Demand 

The chemical oxygen demand (COD) was measured using a similar method to that 

found in APHA-A WW A-WPCF "Standard Methods". The sample was digested using 

acidified potassium di chromate and measurement of the difference in absorbance 

following digestion gave the COD value. 

3. 7.4 Total Organic Carbon 

The carbon concentration was measured using an Elementar High TOC JI analyser. 

The analyser was capable of detennining the total carbon concentration, the inorganic 

concentration and the suspended solids within the reactor. The difference between 

total and inorganic concentrations allowed the total organic carbon within the reactor 

was able to be calculated. 
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3. 7. 5 Nitrogen and Phosphorus 

Total and soluble samples of the feed and effluent from the reactors were sent off for 

analysis of the phosphorus and nitrogen content. The analyses for phosphorus were 

for both total and dissolved; for nitrogen the analyses were for nitrates and nitrites, 

ammonia and dissolved and total Kjeldahl nitrogen. Samples were frozen and sent to 

the Yeritec Analysis Lab for analysis. 

3. 7.6 Acetylene Reduction 

The nitrogen fixing enzyme nitrogenase is capable of reducing acetylene to ethylene. 

A sealed container was flushed with argon to remove any residual air before having a 

small amount of acetylene injected in . A small amount of biomass was injected into 

the container and the sample left to react in a water bath. Head space from these 

containers was then injected into a gas chromatograph (I .Sm, ¼" i.d. column 

containing Porapak N, 80/ 100 mesh)where the amount of acetylene and ethylene was 

measured . 

3. 7. 7 Settling Velocity 

Granules were placed in a quiescent cylinder (300 mm long and approximately 80 mm 

in diameter) filled with feed medium and the time take for the granule to settle 150 

mm was measured. 

3. 7. 8 Specific Gravity 

Granules were immersed in a test tube filled with distilled water and a glucose 

solution ( of known density and concentration) was titrated quickly into the test tube 

and the point at which buoyancy was achieved measured. From the titrated volume 

the density of medium could be calculated. 
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3. 7.9 Sludge Volume Index (SV/) 

Due to the nature of the reactors, deviation from standard methods was required. 

Mixed liquor contents were allowed to settle for only half the standard amount of time 

( 15 min instead of 30 min). 

The sludge volume index was detem1ined by recording the volume of the sludge 

blanket after the 15 min settling period and then dividing the result by the total 

amount of solids within the reactor. 
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Chapter 4: Image Analysis Process 

4.1 Introduction 

In addition to the Literature Review on nitrogen fixation and aerobic granulation, an 

investigation into analytical techniques for characterising particles was carried out. 

This chapter effectively details the processes used to gain morphological data from 

the images taken of both individual granules and mixed liquor samples. 

A number of studies have used image analysis to detennine spatial characteristics of 

granules and other particles within wastewater systems (Li and Ganczarczyk, 1989; 

Zartarian et al. , 1997; Jeison and Chamy, 1998 ; da Motta et al., 2001 ; Contreras et al., 

2004). The characteristics have included: area, perimeter, diameter, circularity (also 

known as the aspect ratio) and the fractal dimension ( calculated using several 

different methods) . These characteri ties can help to classify and compare granules 

generated within different reactors and studies for similarities. This study used the 

image analysis software programme ImageJ (Rasband , 2006) as a method of acquiring 

and analysing pictures taken by both the digital camera and the stereomicroscope. The 

interface and availability of lmageJ were two key features why this programme was 

selected. Other studies have used similar anal ysi s programmes; Jeison and Chamy 

( 1998) analysed anaerobic granules with the UTHSCSA lmage tool programme and 

Contreras et al. (200 I) used Global Lab lmage 2. 10. 

More specific studies have focused on the important edge characteristics and in 

particular the fractal dimension of a particle' s edge. The fractal dimension has been 

used to describe the "ruggedness" of a particle or surface. As the line or edge of the 

particle becomes more tortuous the fractal dimension for the line increases. An 

increased fracta l dimension can be associated with a greater surface area which is 

important for both reactivity and diffusion into the particle. 
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Included within this chapter is an overview of the statistical methods employed for 

analysis and the robustness of these results. 

4.2 Sampling and Image Acquisition 

Initially I O mL of sample was withdrawn from sampling points along the side of the 

reactor, however due to the high concentration of paiiicles and the overlap they 

caused this amount was reduced. A small , 2 to 3 mL, sample of mixed liquor was 

diluted down to cover the surface of an 80 mm diameter plastic Petri dish. Enough 

distilled water was added to fully cover any large particles within the sample. The 

Petri dish was then placed on an opaque back light to prevent the creation of shadows. 

A mounted camera set 300 mm above the dish was used to take pictures of the Petri 

dish and a I O mm micrometer scale bar placed next to the dish . On each sampling 

date, pictures of two samples from each reactor were taken, and the resulting data 

compiled and analysed. 

Another set of pictures was taken using a digital camera attached to a microscope. 

These images were of a significantly higher magnification but were only able to 

capture a small number of pa1iicles within each picture. 

4.3 lmageJ 

The pictures taken were edited using lrnageJ using the following steps (these steps are 

also shown in Figure 4.1 ): 

I. Conversion of the image from colour to greyscale. 

2. Scale is set using the micrometer scale bar. 

3. Subtraction of background to remove the inherent "noise" of the image. 

4. Cropping of image to remove areas of image outside of the Petri dish. 

5. Conversion of image to binary black and white using the threshold 

function. 

6. "Analyse Particles" function run , a minimum particle size of 40 pixels was 

set, this con-esponds to the 200 µm size that was found to be a detection 

LBMTan Page 47 



limit for the camera. This analysis function returns data on the area , 

circularity, pe1imeter and Feret's diameter of the particles. 
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Figure 4. 1 Step by step example of the image analysis process: I. lnitial 
image; 2. Gray scale; 3. Scale acquisition ; 4. Subtraction of background ; 5. 

Cropped image; 6. Conversion to black and white. 
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The Analysis Particle function in the software was set to detem1ine the following 

parameters: 

• Area: calculated based on the number of square pixels within an object. 

• Perimeter: the length of the outside boundary of an object. 

• Feret's Diameter: this is defined as the longest possible distance between any 

two points on the object ' s perimeter. 

• Circularity: this is defined as Circularity = 4n*(Area/Perimeter2
) , for a circle 

this identity has a value of I , as the circularity of an object approaches O it 

becomes increasingly elongated. 

The area, perimeter and Feret ' s diameter, were recognised as primary characteristics, 

while the circularity is a derived secondary characteristic. These characte1istics are 

important as they allow comparison of the effect changes in settling time, turbulence, 

and nitrogen concentration, have on the particles within the reactors. 

4.4 Statistical Size Comparison of Samples 

Sample data from Reactors A, B and C were used to investigate and demonstrate the 

analyses caiTied out to detem1ine granule size and structure. 

The size of granular particles is important. Stoke's Law states that as the granule ' s 

radius increases the settling velocity also increases. Increased settling velocity allows 

more of these larger particles to remain within the reactor despite short settling times. 

Larger particles also allow for a greater range of microorganisms to grow, as oxygen 

and chemical concentration gradients within the granule differ. 

Initially two samples were taken for each reactor and from each sample two pictures 

were taken after mixing. Using the previously mentioned Image] methodology the 

characteristics of the granules growing within the reactors were measured. The 

equivalent diameter of each particle was derived assuming a circular relationship 

through the following fornrnla: 
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Area = n.Diameter2 

4 

Figure 4 .2 shows the mean and median values for each reactor, each sample and each 

picture. The difference between the two values shows the skewness of the particle size 

di stribution. 
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Figure 4.2 Comparison of the equi va lent diameters of particles. 
Key: D Mean Va lues w ith 95 % Confidence Intervals 

f2§l Median Values 

The infonnati on shown in Figure 4.2 also shows that, fo r Reactors B and C , quoting 

either the mean or median value gives a similar value for the sample population. 

However, for Reactor A, this is not the case with a much greater variation between the 

mean and median value. This shows that there must be some care given to the way in 

which these values are reported . 

As shown by the mean value error bars the difference between both the pictures of the 

same sample was insignificant. The difference between pictures was also found to be 
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low, the difference between pictures of Reactor A are more noticeable but the 

confidence intervals still overlap. 

The large number of patiicles within the pictures was found to lead to 'clumping' of 

particles together. This agglomeration of particles led to an increase in the mean size 

and decrease in the overall particle count. To avoid this problem, the amount of 

sample analysed was reduced and this resulted in the differences between pictures that 

were caused by clumping to be greatly reduced. 

Figure 4.3 below shows the distribution of granules based on their mean radius 

dimension. The peak disttibution of the granules occurs at or below 0.2 mm for each 

reactor. Due to thi s large number of smaller particles, the median radius of the system 

is lower than the mean value (as shown previously in Figure 4.2). In systems such as 

these the minority of larger granules has a greater influence on the mean value than on 

the median value. 
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Figure 4.3 Population distribution based on the radius of granules 

Figure 4.4 shows the cumulative particle size distribution weighted by the equivalent 

volume of the particle ( calculated from the particle area). This graph weights larger 

particles much higher than smaller particles and gives a much different idea of the 
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distribution of biomass within the reactor. The weighting employed by this graph is 

important as effects within the system are influenced more by the larger paiiicles than 

smaller particles as the amount of biomass within larger granules is exponentially 

greater than smaller granules. 
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Figure 4.4 Cumulative Dist1ibution graph on a volumetric basis. 

4.5 Circularity 

"' N 
0 

The turbulence and shear forces within the reactor have been found to exert dramatic 

influence over the fo1111ation of granules. The particle circularity was found to show 

the influence that turbulence and other driving forces have on the morphology of 

granules. 

Shown in Figure 4.5 are the radius and circularity of particles within each reactor. No 

relationship was found between the circularity and the size of particles. 
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Figure 4.5: Circularity and Size Correlation. Top: Reactor A, Middle: 
Reactor B, Bottom: Reactor C. 

Table 4.1 shows the statistics obtained from the image analysis into the circularity and 

Figure 4.6 a graph representing the mean circularity of the reactor. This data shows 

the similarities between Reactor A and Reactor B, with mean circularities of 0.63 I 

and 0.658 respectively, and the increased circularity of particles within Reactor C, 

with a mean circularity of 0.697. 
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Reactor A Reactor B Reactor C 

Mean 0.6313 0.6584 0.6973 
0.9 

Standard Error 0.0070 0.0068 0.0039 

Median 0.6523 0.6852 0.7546 
0.8 

Mode 0.8803 0.7954 0.8948 0.7 

Standard Deviation 0.2251 0.1852 0.1930 ~ 0.6 

Sample Variance 0.0507 0.0343 0.0372 
·.::: 
.!!! 0.5 ::, 

Kurtosis -0.7042 -0.6655 -0.2733 ~ 
Skewness -0.3840 -0.4988 -0.7856 u 0.4 

Range 0.9374 0.8370 0.9022 0.3 

Minimum 0.0622 0.1572 0.0942 0.2 

Maximum 0.9996 0.9942 0.9964 0.1 
Sum 651.49 485.25 1674.96 

Count 1032 737 2402 
0 

Confidence Leve1(95.0%) 0.0137 0.0134 0.0077 
Reactor A Reactor B Reactor C 

Table 4.1 and Figure 4.6 Descripti ve statistics of the circularity of particles 
and graph of the mean circularity with 95% en-or bars . 

From the desc1ipti ve stati stics, generated using Microsoft Excel , the kurtosis value 

was used to identify how the population within the reactor was di stributed. Larger, 

more positi ve kurtosis values, known as Jeptokurtic, show that the populati on 

di stribution is 'peaked' around the mean value, but with an increased probability for 

extreme values. Negative kurtosis values, platykuriic, represent well rounded peaks 

wi th smaller tail s and lower probability of extreme values. A zero kurtosis va lue, 

mesokurti c, has been fo und to represent nonnali sed population distributions. 

From Table 4. 1 it is shown that all three systems are not normall y di stri buted but the 

kurtosis values of -0.70, -0.67 and -0.27 , for Reactors A, B and C respecti vely, 

describe the populations as platykurti c in di stribution. These di stributions are shown 

in Figure 4.7. The kurtosis values are shown to offer accurate descriptions of the 

population distribution in that for each of the systems there are no well defined peaks; 

Reactor C, which does show a slightl y defined peak has the highest kurtosi s value. 
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Figure 4.7 Population distribution based on the circularity of particles 

4.6 Fractal Dimension 

The typical way to describe and define fractal dimensioning is through the use of an 

island analogy. From a distance it is possible to describe the coastline of the island as 

a series of joined "smooth" curves. However, as the magnification on the edges of the 

island is increased it becomes more evident that each curve is not smooth but the 

' average' of the irregularities makes it appear so. Zooming in further it is possible to 

tell that these irregularities are themselves made up of plants, rocks, and even 
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buildings. Zooming further in to look at smaller and smaller parts of the image the 

complete measurement of the coastline continues to increase as the number of 

irregulaiities increase. The fractal dimension refers to this increase in perimeter as the 

magnification increases (Kaye, 1994). 

Shown in Figure 4.8 are lines of different fractal dimension. Clearly as the fractal 

dimension of the line increases the tortuosity increases as well. 

Froctol 
D1mens1on 

J.00 

1.02 

125 

I 4t, 

Figure 4.8 The relationship between line ruggedness and fractal dimension 
(Kaye. 1994). 

The literature review revealed that l:,lfanular particles can have different edge 

characteristics. Those subjected to high shear conditions were found to be smoother, 

and more spherical than those subjected to less turbulence. 

To detennine the fractal dimension of particles Zartarian et al., (1997) used an area

perimeter relationship: 
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p = k.A(Df2J 

Where: A= Area 

P Perimeter 

Of Fractal coefficient 

k Proportionality constant 

Using this relationship, graphs oflog A vs. log P were constructed to determine the 

fractal dimension coefficients. From these slopes the following coefficients shown in 

Table 4.2 were found. For a standard (non-fractal object) the Of identity should have a 

value of 1. Comparison of the three reactors shows that Reactor A is significantly 

more fractal than the other two reactors. 

Table 4.2 Fractal Dimension Characteristics 
Reactor Df k 

A 1.252 17.87 
B 1.081 12.06 
C 1.033 10.80 

This is a fair description of what was seen the reactors: Figure 4.9 shows that the 

granules from Reactor A have a much more irregular edge characteristic. 
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Figure 4.9 Sample analysed for the fractal dimension from Reactors A 
(left) B (middle) and C (right). 

The Zartarian et al. ( 1997) relationship reveals the fractal dimension of a population 

of entities, and cannot be applied to the individual granules. For the analysis of the 
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fractal dimension of individual granules a different correlation ( coded as the FracLac 

plug-in for Image}) was used. Figure 4.10 Shows two granules with different fractal 

dimensions calculated using the FracLac plug-in. The fractal dimension for these 

6rranules was 1.5665 and 1.6552 for granule a) and b) respectively. Again, from these 

images it is clear that the granule with the higher fractal dimension has a distinctly 

more irregular and rough edge. 

a) DE 

Figure 4.10 Examples of two granules with different fractal numbers. 
granule a) has a fractal dimension of 1.5665 and granule b) of 1.6552. 

4.7 Summary 

In an eff<Jri to help classify granules image analysis was used to describe the physical 

characteristics of granules. Using the freeware image analysis software ImageJ, it was 

possible to quantify characteristics for individual granules as well as for multiple 

granules within a sample. Characteristics such as granule radius. circularity and fractal 

dimension were quantifiable. 

Samples were gathered using a standard method and images taken using a digital 

camera. 

Investigation into the statistical differences between samples found that the variance 

between samples was less than the variance within the sample itself. Similarly an 

investigation into the variance created between pictures of the same sample was also 

found to be insubstantial. 
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The biomass within the system was held predominantly within the larger granules. 

Using a volume-based frequency graph for the f:,rranular population was assessed as a 

better method for detennining the 'average' granule size. 

The kurtosis values can be used to desc1ibe the type of distribution of a population 

around a mean. This allows a quantitative and comparative assessment of how the 

granules are distributed within the different systems. 

The circularity of the particles was also investigated. No relationship was found to 

exist between the size and circularity of particles. So a standard population frequency 

graph of the circularity was able to be used to find the peak values for each reactor. 

Using a perimeter-area relationship the fractal dimension for the same picture sample 

used for the size distribution and circularity values was able to be calculated. Further 

investigation into the fractal dimension values for individual granules was also 

possible using stcrcomicroscope images. The fractal dimension itself was able to 

describe the edge characteristics of the granules analysed. 
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Chapter 5: Effect of Settling Time on Granulation 

5.1 Introduction 

Sequencing batch reactor systems rely on a 'settle' phase for effective solid-liquid 

separation. The period of time required for separation is a function of the settleability 

of the biomass and thus directly influences the settling time within the system. 

Importantly, it directly effects the total cycle time; a reduced settling time would 

enable increased throughout. Equally significant, the settling time itself may 

influence the settleability of biomass within the system. Several studies (Beun et al. , 

2002 ; Wang et al. , 2004) have noted that a reduction in the settling time has the 

ability to increase the preferential selection of granules. Further studies (Mcswain et 

al. , 2004; Qin et al., 2004) found that if the settling time was not short enough the 

suspended sludge within the system was not washed out, and granules were unable to 

become dominant within the system . 

A suitable reduction in the settling time could result in significant increases in the 

amount of wastewater passing through a system per unit of time. It is suspected that 

thi s reduction would also lead to an improvement in the sludge settleability (with the 

fom1ation of granules) and so would result in an increase in system efficiency without 

compromising the treatment given to the wastewater. In thi s chapter, the effect of 

settling time on biomass granulation is reported . The main aim of thi s thesis was: to 

produce granulation on nitrogen deficient feeds , and the work (nitrogen supplemented 

feeds) discussed in this chapter acted as preparatory work for setting appropriate 

conditions for that study (described in Chapter 6) 

5.2 The Reactors 

To detennine the effect of settling time on the production of granules within the SBR 

systems three aerobic nitrogen supplemented reactors were run under settling times of 

I , 2 and 15 minutes (Reactors A, B and C respectively). As these reactors were the 

first attempt at attaining granulation, no attempt to also achieve nitrogen fixation was 
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made. The reactors were run for over 60 days which corresponds to 120 hydraulic 

retention times (HRT). To keep the total cycle time of each reactor constant, the react 

time within each cycle was adjusted to maintain 4 cycles each day (6 h total cycle 

time). This was done so that the HRT within each reactor would be identical as this 

has been shown to have some effect on the fonnation of granules. 

As the reactors are "well-mixed" there is a theoretical possibility for particles to be 

present at any point within the reactor. This means that any particle has a chance to be 

retained in spite of bad settling properties if its position within the reactor is below the 

decant line. For a particle to settle from the very top of the reactor (Figure 5.1) to 

below the decant line a minimum settling veloci ty, as shown in Table 5.1 for each 

reactor, was required. 

Decant 
Line 

Figure 5.1 Reactor Diagram: 
For a particle to remain within 

the Reactor it must settle below 
the Decant line in the allocated 
settling time or face wash out 

Table 5 .1 The Settling Times and the 
Velocities required for a Particle to Settle 

from the Top of the Reactor 

Reactor 
Settling Time Required Settling 

(min) Velocity (mm/s) 

A 1 7.1 
B 2 3.5 
C 15 0.5 

This theoretical comparison shows that the required settling velocity within the short 

settling time reactor (A) is much higher than in Reactor B, which is again much 

higher than in Reactor C. Literature shows granules have been generated in systems 

where the required settling velocity has been as low as 6.7 mm/s (Beun et al., 1999). 

This means that the effect that washout has on shorter settling time reactors should be 

much greater than in reactors with longer settling times. So, it was expected that all 

three reactors would demonstrate significantly different granule and biomass 

populations due to the difference in settling time. However, specific treatment 
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performances (g carbon removal per g biomass) were expected to be similar within all 

three reactors. 

Initially the reactors were only fed a fraction of the final carbon (acetate) load. This 

fraction was gradually increased so that on Day 11 the full carbon load was being 

added. During the initial peiiod, potassium was inadvertently not added to the feed. 

Growth within the reactors occuffed despite this deficiency. This was attributed to 

long retention of biomass within the system and endogenous recycling of any 

potassium inherent within the system. Potassium was added to the system for the final 

3 weeks of operation. The system evolution and steady state acclimation are split at 

the point where this potassium was added. 

5.3 Evolution of the System 

As biological systems are run, they continue to mature and evolve until the reactor 

reaches a steady state condition. where changes within the system become entirely 

responsive to the changes made on the system. 

5.3. J Initial Conditions 

All three reactors started from the same inoculum mixture (see Chapter 3). Almost 

immediately the effect differing the settling time on the population within the 

reactors became evident. Shown in Figure 5.2 is a sample of the biomass within each 

of the reactors on Day 2. These pictures show that the amount of biomass remaining 

within each reactor is directly related to the amount of washout caused by the settling 

time. Reactors A and B, with their respective l and 2 minute settling times, have 

much less biomass than Reactor C with its 15 minute settling time. The washout of 

particles, especially in Reactors A and B, allows for the continual selection of faster 

settling particles. 

The particles remaining continue to grow during the react phases increasing in size 

and mass, with these increases the particles are more likely to remain within the 

reactor. 
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Figure 5.2 Day 2 Reactor samples from Reactor A (left, 1 minute settling 
time) Reactor B (centre, 2 minutes) and Reactor C (right, 15 minutes). 

5.3.2 Morphological Characteristics 

The evolutionary progression of the biomass within each reactor was documented 

through changes in images taken during development. 

Picture of the biomass within each reactor were used to document the evolutionary 

progression of the biomass and granules which fom1ed. Figure 5.3 shows a selection 

of the biomass images taken from the initial stages through to their final fonn. 

The pictures from Day 11 show that already the settling time had a significant impact 

on the development of biomass characterist ics withi n each reactor. While the 

population within Reactor A ( I minute settling time) and Reactor B (2 minute) had 

developed into large particles, the biomass within Reactor C (15 minute settling time) 

is significantl y smaller and there are significantly more individual particles. 

The images taken on Day 27 highlighted the similarities between the biomass within 

the 2 minute and the 15 minute settling time reactors. While granules within Reactor 

A continued to increase in size, and lost some regularity of shape, particles within 

Reactor B decreased to a comparable size as those within Reactor C. Although the 

number of these small particles was still higher in Reactor C, there was a decrease 

from the amount found on Day I 1. 
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During the period between Day 27 and Day 48 the addition of potassium was made. 

Following this, a significant change occurred within all three reactors. The number of 

f:,>ranules within Reactor A decreased, but the biomass concentration within the reactor 

remained similar (as shown later in Figure 5. 1 ]); f:,rranular particles within both 

Reactor Band C increased perceptively in size although some flocculent biomass was 

present (images were unable to successfully convey this biomass fraction). While this 

change in population can be attributed to maturation of the reactor the introduction of 

potassium was likely to also have had an effect. 

The sizes of granules within Reactor A remained stable, with slight variation, for the 

continuation of the study. By Day 63 some larger f:,rranular bodies were present within 

Reactor R but still there was a significant amount of smaller granules and flocculent 

biomass present. Reactor C had a very similar biomass population to that found in 

Reactor B although the increased retention of biomass resulted in an increase in the 

amount of floes retained within the system. 
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Figure 5.3 Granule Images. Top row shows the evolution occurring within 
the 1 minute settling time reactor (A) , the middle shows the 2 minute 

settling time reactor (B) , and the bottom row represents the reactor with a 
15 minute settling time (C).The bar represents I O mm. 

5.3.3 Particle Size Distributions 

Shown in Figure 5.4 is a graph of the evolution of granule mean diameter (on a basis 

where each particle has equal weighting) and their kurtosis based distributions. 

Despite some initial fluctuation in the mean size of granules in all three reactors the 

end mean diameter of particles within all three reactors was found to vary between 

400 and 500 µm. Of more interest are the kurtosis va lues which show how the 

population distributions vary over time. Granules in Reactor A become increasingly 

similar with fewer extreme particles. In both Reactor B and Reactor C the distribution 

is more normalised. This shows that settling time selection is not significantly 

affecting the population within the Reactors B and C but does have an impact on 

Reactor A. 
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Figure 5.4 Mean diameter and kurtosis values for Reactor A ( I m inute 
sett ling time), Reactor B (2 minute settling time) and Reactor C ( 15 m inute 

settling time). 
5.3.4 Particle Circularity Distributions 

70 

70 

Investigation into the circulari ty of granules emphasised again the difference between 

Reactor A, wi th I minute settling time, and Reactors B and C, with 2 and 15 minute 

settli ng times respecti vely (Figure 5.5) . All three reactors started from similar 

circularities and then after three weeks of operation the di vergence of biomass 

occurred. Biomass within Reactor A was found to be significantly less circular (with a 

fina l mean circul arity of 0.62) than the biomass within the other two reactors (final 

mean circul arities of 0.69 and 0.70 for Reactor Band Reactor C respectively) and 

these di stributions are shown in detail in Figure 5.6. The kurtosis values show that the 

di stributions around these means are almost nonnalised: rnesokurtic distribution with 

a trend towards a platykurtic spread, especiall y shown by Reactor A. 
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5.3.5 Particle Fractal Characteristic 

The fractal dimension can be used to quantify the ' ruggedness' of granules. This is 

important as the more irregular the edge characteristic of a pariicle is, the greater the 

surface area of that pariicle. This has been noted to enhance the treatment 

characteristics of granules with wastewater systems as there is a greater active p01iion 

of a particle. 
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Figure 5. 7 Fractal Dimension values for Reactor A ( I minute settling 
time) , Reactor B (2 minute settling time) and Reactor C ( 15 minute settling 

time. 

Figure 5. 7 shows the fractal dimension calculated using the Zartarian et al., ( 1997) 

area-perimeter relationship. While this relationship has similaiities to that of the 

circularity, it has the advantage of being able to better elucidate the trends within the 

reactors. Figure 5.6 shows that although initially granules within Reactor A and B had 

a similar edge characteristic and both became more irregular over the first three 

weeks, Reactor A continued and maintained thi s increase in irregularity while the 

edge characteristic of Reactor B continued to become less irregular and rugged . 

Reactor C followed an opposite trend to that found in Reactor A, with an initially high 

fractal dimension, the granules within the reactor rapidly and suddenly become more 

unifonn and less rugged , a finding not shown through the circularity data. Actual final 
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dimension values were 1.20, 1.06 and 1.04 for the 1, 2 and 15 minute settling time 

reactors respectively. 

5.3.6 Volume-Based Size Distribution 

The mean size of pa1iicles found within each system was found to be dist1ibuted 

around a very low diameter ( 400 - 500 µm) . Using the volume-based di stribution it 

was possibl e to detennine the 50th percentile particle size based on the particle 

biomass, with larger particles representing a significantly higher proportion of the 

total system biomass While some bias was created by the 200 µm cut-off the volume 

based distribution negates this as one granule with a diameter of 2 mm has the same 

volume as one billion particles with diameters of 200 µm. This means that larger 

particles are the distinguishing features within each reactor. 

Analysis of the reactors was can-ied out to follow the evolution of the inoculum into 

granular particles. Figure 5.8 , Figure 5.9 and Figure 5.10 are volume based 

cumulative graphs that show the evolution of granules within the I minute, 2 minute 

and 15 minute settling time reactors respectively. Compa1ison between these graphs 

shows the different effect that the settling time has on the size evolution and growth of 

the granules based on the volume of biomass. 

Initiall y the effect of the higher levels of solids retention within Reactor B and 

Reactor C caused the populations of these two reactors to be larger than that within 

Reactor A. However larger particles were washed out of these two reactors by Day 

16. 

Within Reactor A the sizes of granules gradually increased over time and a greater 

percentage of the biomass is found within increasingly larger granules. One aspect of 

note is that due to the huge bias placed on larger granules the variation in the upper 

population range increases significantly as a greater number of larger granules became 

present within the system. 
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Within both Reactor B and Reactor C, a similar trend was noted. While some 

variation in the biomass distribution occurred only a slight increase in the median 

values was noted. This shows the despite the large difference in the settling times (2 

minutes for Reactor B and 15 minutes for Reactor C) of these two systems, the 

biomass retained and grown had greater similarities than comparisons made between 

Reactor A ( I minute settling time) and Reactor B. 
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Figure 5.8 Volume based cumulative frequency graphs for the I minute 
settling time Reactor A. 
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Figure 5.9 Volume based cumulati ve frequency graphs for the 2 minute 
settling time Reactor B. 
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Figure 5.10 Volume based cumulative frequency graphs for the 15 minute 
settling time Reactor C. 
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Figure 5. 11 Volume based 50 % median di ameters fo r the I minute 
(Reactor A) , 2 minute (Reactor B) and 15 minute (Reactor C) settling time 

reactors. 

Figure 5. 1 I deta il s the change in the 50 % median for the volume-based di stributions. 

Despite the fewer larger particles causing major deviati ons in the size di stri butions of 

Reacto r A, the overall rate of increase of the med ian value is fa irly constant and by 

Day 63 the median di ameter was 2.9 mm. The similariti es between Reactor B and 

Reactor C are clearly evident within the trends represented on thi s graph wi th both 

median popul ati ons reaching 1.2 mm di ameters by Day 63 . A ll three di ameters fa ll 

within ranges outlined in literature (see Literature Review Chapter 2 T abl e 2.5). 

Those granules generated within the 2 and 15 minute settling time reactors were 

however, generall y, within the low range fo r granules generated within literature. 

Shown in Figure 5.12 are examples of these granules . The amount of non-granul ar 

biomass being retained with the longer settl ing time reactors (B and C) is also clearl y 

shown. 
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Figure 5.12: Typical Granules within Reactor A (left), Reactor B (middle) 
and Reactor C (right). Scale bar is 500 µm 

5.3. 7 Biochemical Characterisation 

The abi lity of reactors to treat in fluent wastewater over all the settling times was an 

important feature. Granules are only useful for treatment processes if their carbon 

removal efficiencies remain high and the solids level released in the effluent low. 

The rate of biomass accumulation was expected to be highest in Reactor C with its 

long settling time allowing the majo1ity of biomass to settle, Reactor A was expected 

to gradually build up larger patiicles . Shown in Figure 5.13 are the solids 

concentrations taken within the mixed liquor and effluent over time. As expected 

Reactor A had a gradual build up of solids within the reactor mixed liquor and 

Reactor C had a much greater rate of accumulation. It is here that the effect of the 

potassium addition becomes evident. Almost immediately after potassium addition the 

solids accumulation increases significantly in all tlu·ee reactors, doubling the biomass 

concentration with 3 weeks . 
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Figure 5.13 Total suspended solid concentrations for the effl uent and 
mixed liquor. 

The expected high level of washout wi thin the short settling time reactors (A and B) 

occurred but an eq uilibrium between the washout and growth seemed to fom1 and the 

amount of washout did not increase. However, the equilibrium was disturbed when 

potassium was added to the influent and the resultant increase in growth rate caused 

the amount of washout in all reactors to increase. Pre-addition the solids discharge 

was I 00 mg/L for all three reactors. However, once potassium had been added the 

amount of solids being washed out of the reactor increased. In Reactor A this effluent 

solids level doubled to 200 mg/Land became increasingly erratic in the other two 

reactors as the sett] ing of particles became hindered by the number of particles 

causing a variation in the measured levels of solids. 
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While there was some variation within the solids retention time (SRT), especially 

following the addition of potassium, it remained similar throughout the experiment. 

SRT averages were 4.4, I 0 .6 and 19.4 days for Reactor A, Band C respectively. 

Using the chemical oxygen demand to detem1ine the amount of soluble carbon in the 

mixed liquor and effluent (Figure 5.14), the treatment efficiencies fo r each reactor 

was calculated. It was found that within each reactor, treatment perfom1ance of over 

95 % soluble COD removal was achieved foll owing the addition of potassium and th is 

is similar to levels of 96 % removal achieved by McSwain et al. (2004) in their 

granulation studies. 
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Figure 5. 14 Chemical oxygen demand concentrations within the Reactor 
and Effluent 
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5.4 Summary 

The effect of settling time was measured by the difference in characteristics of 

granules generated in three reactors with settling times of I minute, 2 minutes and 15 

minutes. 

Table 5.2 Summary Table of the Granule Characteristics on Day 63 

Reactor A Reactor B Reactor C 

1 Minute 2 Minute 15 Minute 
Settling Time Settling Time Settling Time 

Volume-based diameter 
2.8 1.2 1.2 

(mm) 

Circularity 0.61 0.67 0.69 

Fractal Dimension 1.20 1.06 1.03 

Mixed Liquor Suspended 
2299 3358 3629 

Solids (mg/L) 

Effluent Suspended Solids 
207 543 252 

(mg/L) 

Effluent Soluble Carbon 
6.0 7.7 15.1 

(mg/L) 

Carbon Treatment(%) 96.3% 95.2% 95 .3% 

Shown in Table 5.2 is the Day 63 data taken from each reactor. The I minute settling 

time reactor was found to have signifi cantly different physical characte1ist ics from the 

two longer settling time reactors . 

The settling time had a significant effect on the solids concentration within the 

reactors. The short settling time within Reactor A resulted in a much lower level of 

solids than in either of the other two reactors . 

The treatment of carbon influent was identical within all reactors, showing that carbon 

removal is not limited by high or low settling times as shown previously by McSwain 

et al. (2004). A short settling time maintained advantages over longer settling times as 

it can reduced reactor down time and increases available reaction time. Further 
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investigation into the effect of reduced hydraulic retention times is required to identify 

the extent of the advantages that this decrease could entail. 

The visual progression and evolution of the biomass was documented and it became 

obvious that the short settling time reactor (A) had significantly larger patiicles than 

those found in either of the other two reactors. The fonn of these granules tended to 

be slightly less defined and more irregular in shape. Particles that settle faster were 

found to have an increased surface area which could allow for increased levels of 

reactivity. 

The results from this work indicate that, between settling times of 1 and 2 minutes, 

there appears to be a critical point where granules within a reactor change from being 

large with high surface area to small with a more regular surface. This was detennined 

through the consistent similarity between characteristics of the biomass within the 2 

minute and 15 minutes settling time reactors. The cause of this could be attributed to 

the required minimum settling velocity associated within each reactor. Higher 

required settling velocity such as that found within Reactor A was found to yield 

granules of similar size in literature (Beun er al .. l 999). 
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Chapter 6: Effect of Nitrogen Deficiency 

6.1 Introduction 

The central aim of this thesis was to determine if it was possible to generate granules 

in systems where there was no or little supplementation of nitrogen, and nitrogen 

fixation is a likely process of obtaining balanced nutrients for cell growth. Available 

literature has shown that nitrogen fi x ing granular systems have no t been investigated. 

highlighting the opportunity presented by the cun-ent work. 

Typically, wi thin nitrogen fi xing systems, aeration is supplied by bubbling an air 

mixture up through the reactor (Chen et al. , 1984 ; Dennis et al. , 2004; Sheker et al. , 

1993). Dennis et al. (2004) ma intained the di ssolved oxygen concentrati on about a 

setpoint of 2. 1 mg/L or around 35 % of saturation. Low oxygen concentrati ons are 

usuall y maintained as some inhibition of nitrogenase, th e nitrogen fix ing enzyme, 

occurs at high concentra ti ons (Gapes et al. 1999). Th is enzym e is responsible for the 

fi xation of atmospheri c nitrogen into a biochemically available fo1111 . 

It has been proposed that due to the size of granular particles, there is potential for 

d ifferent areas of the granule to be populated wi th different microorganisms. with a 

range of different functionalities that cou ld include aerobic. microaerophilic anoxic or 

anaerobi c faculties. W ith such a heterogeneous population, the abil ity to remove 

compounds and utili se a wide spectrum of nutrients is increased. Concentration 

gradients into the granule mean that the central area has the potential to have low 

oxygen concentration and even anaerobic properti es, as is shown in Figure 6. 1. 
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Figure 6.1 Aerobic granules have been found to have areas of di fferent 
functionality. 

In contrast to the requirements of nitrogen fixing systems, the generation of granules 

has been found to require high levels of aeration, which is necessary to provide 

sufficient turbulence (Liu et al., 2003b; Tay et al., 200 1; Tsuneda ef al., 2003; Yang et 

al., 2003). Generally this turbulence is provided through continuous aerat ion that 

effectively turns the reactor into an uplift bubble reactor. The extent of this turbu lence 

requirement is furt her exp lored in Chapter 7. T hi s chapter focuses on the differences 

that arose between identical granular systems grown on either high or low nitrogen 

concentration. 

Th is apparent contradiction between nitrogen fixing systems and aerob ic granular 

systems is an important concept to note. Around this contradictio n it was hypothesised 

that under turbulent conditions, the need to protect the nitrogenase enzyme from 

elevated oxygen concentrations in the bul k liquid wil l cause the micro-organisms to 

adapt using different methods in order to survive. Part of this hypothesis was that 

nitrogen deficiency would cause the micro-organisms to cluster together to fonn a 

heterogeneous packed community. Another aspect was that protection of the enzyme 

would be through generati on of high levels of EPS. Both of theses theori es would 

result in a structure that would likely have the significant oxygen gradients, brought 

about by diffusion/ reaction limitati ons (Gapes et al. , 2004). To test these hypotheses 

two reactors were run under highl y turbulent aeration conditions , one reactor was 

supplemented with nitrogen (Reactor D) and the o ther without (Reactor E). The 

carbon :nitrogen ratios within the two reactors were 10.6:1.0 within the supplemented 

reactor and 552: I within the deficient reactor. 
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6.2 The Reactors 

Two reactors were run at I minute settling time to help select for larger particles (in 

accordance with the findings reported in Chapter 5) and at an 8 hour total cycle time. 

Reactors were run for 70 days ( I 05 hydraulic retention times) and monitored over this 

period . 

Prior experience with nitrogen fixing systems led to the expectation that growth 

would occur, despite a combination of high oxygen concentration and lack of nitrogen 

supplementation (Reactor E). It was thought that any granules that would grow within 

Reactor E would be larger and denser than those within Reactor D as the different 

species of micro-organisms would colonise in areas where conditions were more 

favourable as well as produce increased amounts of extra-cellular polysaccharides 

(EPS) which help reduce diffusion into the granu le. 

6.3 General Observations 

Figure 6.2 Stereomicroscope biomass pictures from the nitrogen 
supplemented (Reactor D - Left) and the nitrogen deficient (Reactor E -

Right) systems. Scale bar denotes 500 µm. 

Granules were found to develop within both the supplemented and deficient reactors. 

This shows that Reactor E was able to generate granules despite the lack of nitrogen. 

The granules grown within the two reactors were found to be very different in 
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appearance as is shown in Figure 6.2. Those granules grown within the reactor that 

was supplemented with nitrogen (Reactor D) were smaller and more compact in 

appearance than those grown under nitrogen deficient conditions (Reactor E). This 

size differential was reflected in the cumulative volumetric size distributions shown in 

Figure 6.6. 

6.4 Population Characterisation 

Using the T-RFLP method, a qualitative analysis of the population within each reactor 

was can-ied out (Figure 6.3). This analysis found that the populations within Reactor 

D (nitrogen supplemented) were less diverse than those found within Reactor E 

(nitrogen deficient) but many of the populations found within Dare also found within 

E. The increased diversity could be due to the requirement of the deficient reactor to 

develop a more symbiotic community where each group of organi sms is responsible 

for a specific purpose, such as generate available nitrogen through fixation or 

increased production of EPS compounds. Within the graph, the different organism 

groups are represented by number bands, with closer numbers associated with similar 

orga111sm groups. 
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Figure 6.3 T-RFLP Population study. Bands identify different tenninal that 
detennine population fractions within the reactors (as denoted in the 

legend) . 
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Through changes in only the nitrogen concentration the populations within the reactor 

were found to differ. Also, characteristics of the granules generated within each 

reactor were found to differ dramatically. Previous studies have found that changes in 

influent carbon substrate (Moy et al., 2002) substrate concentration (Tay et al., 2004; 

Yang et al., 2004b) and other components (Yang et al., 2004a; Yang et al., 2004b: Yu 

et al., 2001) have had influence on the formation and growth of granules. The effect 

on the actual biota of a system has not been comprehensively investigated. 

6.5 Nitrogen Fixation 

While growth occun-ed within the nitrogen deficient reactor it was assumed that the 

required nitrogen was obtained through nitrogen fixation. In an effort to confinn the 

presence of nitrogen fixation, acetylene reduction assays were can-ied out. The gas 

chromatograms from these tests are shown in Figure 6.4. The nitrogen supplemented 

system (Reactor D) has a peak for acetylene (t = 3.35 min) but the peak for ethylene 

(t = 2.4 min) is absent. This ethylene peak is present in the sample for the nitrogen 

deficient system (Reactor E), showing the acetylene is being reduced to ethylene 

within this reactor. 
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Figure 6.4 Acetylene Reduction Chromatograms. The ethylene standard 
shows the peak for ethylene (product of acetylene reduction) and this peak 
is found only in the results from the nitrogen deficient system (Reactor E). 

6.5.1 Image Analysis 

Shown below in Figure 6.5 is mixed liquor comparis,,n from the two reactors. The 

granules within both reactors arc clearly evident and different from each other. Within 

the nitrogen supplemented svstem. Reactor D. the granules are small and tightly 

defined while within the nitrogen deficient system. Reactor E. the granules arc larger 

and appear fluffy. 
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Figure 6.5: Mixed Liquors - left Reactor D, right Reactor E (taken Day 72) 

Analyses were carried out on data collected on Day 61 of the study. Image anal ysis 

revealed that half the volume-based mass Reactor D had a diameter of over 2.2 mm 

(Figure 6.6). Within Reactor E this size increased to 6.1 mm. Thus the average 

di ameter of particles within the nitrogen fi xi ng reactor was three times greater than 

that w ithin the reactor with nitrogen supplemen tation . This characteristic supports the 

hypothesis of increased growth in nitrogen fixing systems for creati on of dramati c 

diffusion grad ients wi thin the granule. As the reactors are continually seeding new 

granules it is hypothesised that the initi al stages of granulati on are similar in both 

systems. The similarities between the systems end when those granules within the 

nitrogen deficient reactor reach a ce1iain threshold size, and they are able to provide 

suffi cient zones of low oxygen concentrati on for the ni trogenase enzyme to work 

more efficiently. This provides the granules in the nitrogen deficient reactor with a 

predilection for increased size and this is reflected in the population di stribution. 
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Figure 6.6 Volume based cumulati ve di stributions fo r the nitrogen 
supplemented (Reactor D) and nitrogen fi xing (Reactor E) systems, on 

Day 6 1. 

The other visuall y obvious difference between the two reactors is the edge 

characteris ti c and fi lamentous nature of the granules . The nitrogen supplemented 

granul es (Reactor D) had a smooth outer edge and they were itTegul arl y shaped. 

Those granul es within the nitrogen defici ent system (Reactor E) were hi ghl y 

fi lamentous with many tendri l-li ke outgrowths and signifi cantl y more ' rugged ' than 

those in Reactor D. Through image analysis, characterisati on of the edge of the 

granules within the two systems was can-i ed out and is shown in Tabl e 6.1. The 

circul arity of granules within both systems was fo und to be similar with a value of 

0.41 fo r the nitrogen supplemented system and 0.45 for the defici ent system. However 

the di fference in the reactor fra ctal dimension values is an interesting compari son. 

Supporting the visual observations, the nitrogen deficient granules have higher fractal 

values than those found for the nitrogen supplemented granules. 

The investigation into the characteri stics of the bulk population of both of the reactors 

revealed that despite the lack of nitrogen addition to Reactor E the granules that 

developed were much larger than those that fanned under nitrogen sufficient 

conditions within Reactor D. These granules from Reactor E also had a much more 
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rugged and filamentous surface than the relatively smooth one generated within 

Reactor D. 

Table 6.1 Edge characteri sti cs within the nitrogen supplemented (Reactor 
D) and nitrogen deficient (Reactor E) systems, on Day 61 . 

Circu larity 
Fractal Dimension 

6.6 Individual Granule Analysis 

Reactor D Reactor E 
0.413 0.451 
1.057 1.139 

Further investigation into the effects that running systems under nitrogen defici ent 

conditions had on aerobic granules was carri ed out through analysis on indi vidual 

granules. Fifteen granules fro m both systems were taken on Day 72 and analysed. 

These analyses were cani ed out to detennine the image based physical characteri sti cs, 

settling velocities and densiti es of each granul e. 

From the pictures taken fo r thi s analysis there was a clear di fference between granules 

grown in each reactor and a representati ve granule is shown in Figure 6.7. The 

granul es within the nitrogen suppl emented reactor (Reactor D) were much small er 

than those in the nitrogen fi xing reactor (Reactor E). 

... 

·1 0 mm 10 mm 

Figure 6. 7 Individual granule comparisons. Left granule from the nitrogen 
supplemented system (Reactor D) , right granule from the nitrogen 

deficient system (Reactor E). 
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Table 6.2 shows the characteristics of the granules analysed from the two systems. 

From this table it is reiterated that the particles within the nitrogen supplemented 

system (Reactor D) are much smaller, with a mean equivalent radius of 2.0 mm, than 

those granules in the nitrogen deficient system (Reactor E) which had an equivalent 

diameter of 7.0 mm. This significant difference in size is also shown in the means of 

the area, perimeter and Feret's diameter for each of the Reactors. These differences 

place even further emphasis on the difference in size between the two reactors . 

Table 6.2 Reactor D (Nitrogen Supplemented) and Reactor E (Nitrogen 
Deficient) Granule Characteristics 

Characteristic 
Area (cm 2

) 

Perimeter (cm) 
Circularity 
Ferets Diameter (mm) 
Equivalent Diameter (mm) 
Fractal Dimension 
Settling Velocity (cm/s) 
Density (kg/m 3

) 

Reactor D 
mean std dev. 
0.03 0.01 
0.82 0.17 
0.61 0.12 
2.53 
2.01 
1.58 
0.88 
1019 

0.45 
0.32 
0.04 
0.15 
10 

Reactor E 
mean std dev. 
0.39 0.12 
4.97 1.00 
0.21 0.08 
8.29 
7.00 
1.62 
1.42 
1002 

1.32 
1.05 
0.03 
0.23 

1 

Granules found within the nitrogen supplemented system fit within the expected size 

distributions from literature of 0.25 mm to 6.50 mm (Beun et al. , 2001 ; Moy et al. , 

2002; Su and Yu, 2004; Tay et al. , 2001; Yang et al. , 2004b). Those granules within 

the nitrogen deficient reactor however are much larger than those in reported literature 

with the largest maximum granule size of 6.5 mm , by Etterer and Wilderer (2001 ). 

And even thi s li terature finding was for a glucose-fed study which tended towards 

having larger sized particles than those where acetate was the substrate (Moy et al. , 

2002; Tay et al., 2001). 

At I 002 kg/m3, the density of nitrogen deficient granules was significantly lower than 

that of the nitrogen supplemented granules, 1019 kg/m3. With higher density the 

granules have better settleability and a higher concentration of biomass. The lower 

density within the larger deficient granules could be caused by a greater proportion of 
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voids or significant gel-like EPS with high water holding capacity, but little density 

difference to that of water. 

As shown, the granules within nitrogen supplemented system (Reactor D) are much 

more circular than granules within the nitrogen deficient system (Reactor E) , with the 

stereomicroscope images better representing these differences than those taken using 

the digital camera. For the bulk study, using images acquired with digital camera 

magnification and resolution, the mean circ ularity was 0.413 and 0.451 for the 

nitrogen supplemented and deficient reactors respectively. This contrasts with values 

of 0.61 and 0.21 for the individual granules as viewed under a stereo m icroscope. 

Similar discrepancies to those found within the circu larity values were found in the 

investigation into the fractal dimension of granules. The use of th e lmageJ plug-in 

FracLac on the stereomicroscope pictures resulted in a significantly different value 

than that obtained through the perimeter-area relationship, as proposed by Zartarian et 

al. ( 1997), and used on the digital camera images . 

The mean fractal dimension. calcula ted from each individual image. using Fraclac 

was found to be 1.58 for Reactor D and 1.62 for Reactor E. The relationship between 

circul arity and fractal dimension give a quantifi ed idea of the granular edge 

characteristics. Due to the more filamentous nature of nitrogen deficient granules the 

circularity (as is detem1ined by a perimeter:area relationship) is considerably lower 

than that of granules generated within the nitrogen supplemented system. The 

similarity of fractal dimension shows that the edges of granules w ithin both reactors 

were in fact very similar. This shows that a real difference between granules is in the 

development of the tendri l-li ke filaments on the ni trogen deficient granules from 

Reactor E. 

The differences between the stereomicroscope and digital camera pictures and data 

meant that the two methods of determining the fractal dimension values were not 

interchangeable. These differences however are explainable. The increased resol ution 

of the stereomicroscope enabled the analysis programme to pick o ut the more minute 

details on the edges of the granules. Hairy tendrils that would were blurred and lost 
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within the digital camera pictures were identifiable within the stereomicroscope 

pictures but further emphasised the differences between granules in both reactors as 

was shown in Figure 6.7. This fits in well wi th the previous 'coastline' analogy for 

describing fractal dimensions, it can be assumed that even great magnification of the 

edge wou ld allow an even more accurate surface characterisation. 

6. 7 Settleability 

Granules within the nitrogen deficient system (Reactor E) were found to settle much 

faster, at 1.42 cm/s, than granules within the nitrogen supplemented system (Reactor 

D) at 0.88 cm/s. Literature found that settling velocities of granular systems ranged 

between 0. 7 and 3. 1 cm/s (Etterer and Wilderer, 200 I ; Jang et al., 2003; Morgenroth 

et al., 1997; Moy et al .. 2002; Su and Yu, 2005; Tay et al., 200 I ; Wang et al., 2004; 

Zhu and Wilderer 2003). Interestingly, while the granule density was significantly 

lower in the nitrogen fixing system (Table 6.2). this characteristic was offset in the 

settling rate compari son by the dramatic difference in aggregate diameter (see Stokes 

tenninal settling velocity equation in Section .?.3.3. J). 

The packing of granu les within the system as it settles can be represented by the 

sludge vo lume index (SVJ). The SVI is shown in the Figure 6.8. The average SVI for 

both reactors was good(< 150 mL/g). That the SVJ of granules within Reactor E is 

50 mL/g is likely caused by the increased settling velocity and particle size over the 

smaller granules found in Reactor D. This result is highl y significant, as flocculent 

nitrogen deficient systems often di splay signs of bulking and have SV I values > 200 

mL/g (Dennis et al. , 2005). Clearly, the aim of developing a nitrogen fixing granular 

system in order to improve sludge settleability of this treatment technology has 

proven successful. 
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Figure 6.8 Sludge Volume Index of solids found within Reactor D 
(Nitrogen Supplemented) and Reactor E (Nitrogen Deficient) 

6.8 Comparison of Nitrogen Supplemented and Deficient Va lues 

70 

A correlative analysis was undertaken in an attempt to quantify the effect that the 

differing nitrogen concentrations had on these characteri stics. Us ing the Total 

Kjeldah l itrogen concentrations of 50 mg/L (Reactor D) and 5 mg/L (Reactor E) as 

values fo r the concentration of nitrogen added to each reactor, the correlations shown 

in Table 6.3 were found. Image data was compiled from the data obtained 

investigating the bulk characteristics of the reactor systems. 

Table 6.3 Correlation for Reactor D and Reactor E 
N Sue.e.t Densitr, Fractal Area Perim. Gire. Feret S. Velocitr, 

N Suppl 1.00 
Density 0.82 1.00 
Fractal -0.47 -0.65 1.00 
Area -0.89 -0.74 0.39 1.00 
Perim. -0.94 -0.78 0.52 0.94 1.00 
Circ. 0 .91 0.88 -0.69 -0.83 -0.94 1.00 
Feret -0 .94 -0.81 0.46 0.99 0.96 -0.88 1.00 
S. Velocity -0.83 -0.73 0.33 0.87 0.84 -0.79 0.88 1.00 

This table shows that nitrogen supplementation had an interesting impact on all the 

granule characteristics analysed, except for the aforementioned fractal dimension. As 

predicted the nitrogen deficient reactor had granules that were larger than those in the 
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nitrogen fed reactor. Other differences show that although the granules in Reactor D 

were denser than those found in Reactor E they did not settle faster. This can be 

attributed back through to Stoke's settling law as the nitrogen deficient granules are 

larger than those grown within the reactor run with supplementation. This is an 

attribute which is favourable for faster settling systems. 

6.9 Treatment Characteristics 

A comparison of the treatment efficiencies of the two reactors was carried out to 

determine the carbon removal occmTing and also the levels of nitrogen and 

phosphorus in the effluent. 

6. 9. I Reactor Solids Level 

The biomass concentration within each reactor was measured as the total suspended 

solids and this was used as an indication of the development and change of the 

populations within each reactor (Figure 6.9). It was found that the TSS for Reactor D 

(nitrogen supplemented) remained constant, with some fluctuations, over the length of 

the experiment with a concentration between 1.0 and 2.0 g/L. Within Reactor E 

(nitrogen deficient) the changes in biomass concentration were much more significant. 

Within Reactor E, over the initial I O days of operation the TSS halved from a 

concentration of over 2 g/L down to a minimum value of 1 g/L. From Day I O the TSS 

value continued to increase as the granule population within the reactor continued to 

mature and grow finally achieving a biomass concentration of 4.0 gTSS/L. This 

accumulation of biomass can partially be attributed to the increased size and settling 

velocity within the deficient reactor meaning fewer granules are washed out. 

Comparison of the value for the nitrogen supplemented reactor and values from 

literature (Morgenroth et al., 1997; Tay et al. , 2004a) show that at an organic loading 

rate of 3.2 kgC0D/(m3.day) should produce significantly higher levels of biomass 

concentration. At a loading rate of 4.0 kgC0D/(m3.day) and 80 days of operation, Tay 

et al. (2004) produced a reactor with 12 g/L suspended solids. 

LBMTan Page 91 



5.0 - -----

• 4.0 

-- --
:i' 3.0 r 

• / . 
~ I • 1/) r ./ 1/) 

2.0 ---I- -- • 
1.0 <> <> 

• 8 

0.0 

0 10 20 30 40 50 60 70 

Day 

L o ~o~ --Reactor D - Average ~ Reactor E - - Reactor E - average I 
Figure 6.9 Total mixed liquor suspended so lids found within Reactor D 

and Reactor E 

Suspended solid values taken from the effluent show that despite the high mixed 

liquor biomass concentration within Reactor E the solids removal efficiencies were 

not compromised (Figure 6.10). Washout within the nitrogen supplemented reactor 

was found to be higher however, the final trend demonstrated is a decrease in 

suspended solids, this shows the nitrogen fixing systems may have some advantage 

over supplemented systems due to lower effluents solids concentrations. 

ln what appears to be somewhat of a mark of granu lar systems, due to the selective 

settling times the effluent solids concentration has been found to be higher than for 

standard SBR systems. Beun et al. (2002) found that for the first 50 days of operation 

the concentration of solids within the effluent was erratic and varied between 0.15 and 

0.35 g/L. The same study found that after 140 days of operation this sol ids level 

dropped down to 0.07 g/L. McSwain et al. (2004) found that the effluent solids 

concentration, within the two-minute settling time reactor run in their stud y, was 

0.169 ± 0.095 g/L between days 120 to 220. These studies reveal that the nitrogen 

deficient reactor from this current work has achieved an effluent solids concentration 

comparable to that of another reactor operated for over twice the operational time. 

The effluent solids level within the nitrogen supplemented reactor, shows evidence of 

similarity with these studies. 
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Figure 6. 10 Total suspended solids found within effluent of Reactor D 
(Nitrogen S upplemented) and Reactor E (Nitrogen Deficient) 

6.9.2 Carbon Removal 

Figure 6. 11 shows the soluble organ ic carbon concentration wi thi n the effluent from 

both reactors. Duri ng the first I O days fo llowing start-up, Reactor D (nitrogen 

supplemented) had a carbon concentration within its effl uent below I O mg/L wh ile 

Reactor E (nitrogen deficient) had a concentration between I O and 15 mg/L. Whilst 

Reactor E was capable of maintaining this concentration the concentration within 

Reactor D con tinues to increase. The re is a lack of data following Day 40 when the 

solids with in the effluent began to decrease, thus it cannot be confirmed whether this 

decrease is also refl ected in the soluble fraction of the effluent. 
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Figure 6. 11 Organic carbon concentrations within the effluent for Reactor 
D (Nitrogen Supplemented) and Reactor E (Nitrogen Deficient) 

With a total organic carbon concentration of the feed at 500 mg/Lit was possible to 

calcu late the treatment efficiency of both reactors and thi s is shown in Figure 6. 12. 

Throughout the study both reactors were ab le to treat above 95 % efficiency. with the 

nitrogen deficient reactor removing between 97 - 98 % of the in fluent carbon. This is 

an important characteristic as it shows that granules systems, and in particular 

ni trogen deficient systems, are capable of treating syntheti c wastcwater at high 

efficiencies. The declining efficiency of the nitrogen supplemented reactor is of 

concern. only further investigation will be able to detennine the extent of the drop in 

efficiency. 
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Figure 6. 12 Treatment Efficiencies for Reactor D (Nitrogen 
Supplemented) and Reactor E (Nitrogen Deficient) 

Page 94 



The dissolved oxygen (DO) concentrations within each reactor were recorded. These 

values were of particular interest within the nitrogen deficient reactor due to the 

inhibition of the nitrogen fixing enzyme at high oxygen concentrations. During the 

settle, decant and feed stages the concentration within both reactors continued to drop 

as the biomass within the reactor continued to use the available oxygen and the 

bubbling of air through the reactor was stopped. At the end of the feed phase the 

aeration would restart and the oxygen concentration would gradually increase back to 

saturation, with particular increases observed at the end of the feast pe1iod 

(elimination of the acetate from the reactor liquid). Recovery profiles for five days 

over the course of the study are shown in Figure 6.13. During the early stages of the 

study the oxygen concentration within Reactor D (nitrogen supplemented) decreased 

to 5.5 mg/L (70 % of saturation) during the feast phase. By Day 35 however the 

extent of this drop had decreased , with a minimum concentration of 6.0 - 6.5 mg/L. In 

comparison to those recovery curves , Reactor E (nitrogen deficient) maintained a drop 

to a minimum concentration of between 6.0 and 7.0 mg/L throughout the entire study. 

Despite this high DO level nitrogen fixation was still found to occur as shown by the 

nitrogen fixing assays (Figure 6.4) . 

Drops in the DO concentrations can be directly related back to the biomass 

concentration within reactors (as shown previously in Figure 6.8). As the biomass 

increased in concentration the drop in DO was more pronounced. Following the 

biomass decrease in the nitrogen supplemented system (Reactor D) between Day I 0 

and Day 20 the DO drop decreases accordingly. Within the nitrogen fixing system 

(Reactor E) the effect is not as pronounced but closer inspection shows this 

relationship is still present. 
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Shown in Figure 6. 14 are the specific oxygen uptake rate (sOUR) profiles that fu11her 

detail the effect that the increasing biomass has on the reaction rate. and the 

consumption of oxygen, within the nitrogen supplemented and nitrogen deficient 

systems. These graphs show that the period where oxygen is consumed in the feast 

phase is half as long within the nitrogen supplemented system (Reactor D) as it is 

within the nitrogen deficient system (Reactor E).This was consistent throughout the 

stud y despite the increase in biomass within both systems. The increase in biomass 

does reduce the maxi mum sOUR that occurred withi n both systems and th is can be 

attributed to the finite carbon concentrations added each cycle. T he calculation does 

have some inaccuracies: it assumes that a ll the biomass within the system is active but 

with large granules and EPS w ithin the reactors a significant proportion will not be. 

The sOUR calcul ation also assumes that the viscosity within the systems remains 

constant but this wi ll vary depending on the constituents d issolved within the reactors. 

LBM Tan Page 96 

60.3 



vi 
(/) 
I-
C) 

"2 .E 
d' 
C) 

E 
0:: 
:::i 
0 
"' 

2.0 

1.5 

1.0 

0.5 

5.1 

2.0 

" 

, , 
1.5 · . ' 

2.0 

l 
2.0 

1.5 1.5 

: 
1.0 1.0 1.0 

: 

0.5 0.5 0.5 .-. .. 
' ' 

0.0 00 0.0 

5.2 5.3 10.1 10.2 10.3 35.1 35.2 35.3 40.1 40.2 40.3 
Cay 5 Cay 10 Cay 35 Cay 40 

1--Reactor D · · · · · · · Reactor E I 

Figure 6.14 Specific Oxygen Uptake Rate Profiles within Reactor D 
(Nitrogen Supplemented) and Reactor E (Nitrogen Defi cient) systems. The 

shaded areas denote timing of decant and feed periods. 

The KLa02 reaction constant for these reactors was 1.06 /min with a reciprocal time 

interval of 56.6 seconds. However, the response time of the DO probe was calculated 

to be 78 seconds. Thi s represents a sensor Jag time of over 30 %. Without the ability 

to measure the DO concentration within the reactor at intervals less than the inverse 

KLa02 constant these values can on ly be a qualitati ve measure of the sOU R. 

6.9.3 Nitrogen Treatment 

The ni trogen, in the fom1s of Kjeldahl , total (TK ) and dissolved (DKN), nitrogen 

ox ides ( Ox) and ammonium (N H4 +) was measured in the feed and efflu ent streams 

from both reactors. 

The feed concentrations of nitrogen are shown in Table 6.4. The in fluent being fed 

into the nitrogen deficient reactor had concentrations of nitrogen compounds that are 

roughl y 10 % of that being added to Reactor D. 
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Table 6.4 Nitrogen Compound Influent Concentrations for Reactor D 
(Nitrogen Supplemented) and Reactor E (Nitrogen Deficient) 

Component 
Reactor D Reactor E 

(mg/L) (mg/L) 

NOX 0.03 0.03 
TKN 52.4 6.8 
DKN 45.0 4.8 

Investigation of the effluent found that nitrogen ox ides within the effluent never 

exceeded 0.04 mg/L, revealing that significant amounts are not generated. As 

expected the level of ammonium within the effluent was higher within Reactor D, 

between 2.0 and 3.0 mg/L, than Reactor E, which never increased past 0.5 mg/L. Both 

reactors show some overal l removal of nitrogen in this fom1. 

Effluent Kjeldahl nitrogen concentrations are shown in Figure 6.15. TKN levels 

within the effluent of the nitrogen supplemented reactor were found to maintain 

around 50 mg/L while the levels within the other reactor had slightly more vaiiation 

between 20 to 30 mg/L. The level s of TKN within the effluents of both reactors are 

subject to the effluent solids concentration. As a portion of biomass is nitrogen , 12.2 g 

of nitrogen for every 100 g of cell biomass (Metcalf and Eddy, 2003), this describes a 

significant portion of the TKN in the effluent of both reactors. From the biomass 

suspended solids within the effluent, 62% and 74% of the TKN within the 

supplemented and deficient systems respectively is accounted for. 
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Figure 6.15 Total and Dissolved Kjeldahl Nitrogen Effluent 
Concentrations within Reactor D and Reactor E 

Of more significance is the level of dissolved nitrogen within the effluents. Within the 

nitrogen deficient system (Reactor E) the DKN concentration in the effluent drops to 

3 mg/L after 60 days, while the supplemented reactor has a concentration fluctuating 

between I O and 18 mg/L. 

The nitrogen balance for the nitrogen supplemented reactor (Table 6.5) shows that 

almost 20 % of the nitrogen entering the system (as soluble nitrogen) is not consumed 

or utilised and passes straight through the system. lnterestingly, the amount of soluble 

nitrogen passing through the deficient system is 14 % of the in fluent , this shows that 

the nitrogen fixing bacteria produce a surplus of nitrogen. 

Table 6.5 Nitrogen Balances for Reactor D and Reactor E (Day 61) 
In Out 

Reactor N-soluble N-solid N-tot 
m N/d m N/d m N/d 

D 
Nitrogen 

114.1 0.0 21 .8 77.2 99.0 
Supplemented 

E 
Nitrogen 

2.2 47. 1 7.0 42.3 49.3 
Deficient 
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6.9.4 Phosphorus Treatment 

Phosphorus was added to both reactors at the same level of I 0.5 mg/L total 

phosphorus (TP) and 5.5 mg/L dissolved (DRP). 

The concentration of TP within the effluents of both reactors was found to be 8.9 

mg/Land 10.9 mg/L for the nitrogen supplemented and deficient reactors respectively 

(Figure 6. 16). The di ssolved phosphorus however drops to 0.2 and 3.0 mg/L showing 

that although the total levels of phosphorus within the reactors is not decreasing 

significantl y, the uptake of soluble phosphorus into micro organisms and its 

conversion to biomass can account for both the decrease in DRP and the maintenance 

of the TP. 

At steady state the total phosphorus in both the feed and effluent should be equal w ith 

no accumulation within the reactor biomass. Lower concen trations with in the effluent 

(during the initi al stages) indicate that phosphorus is being accumulated within both 

systems. 
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6.10 Carbohydrate Production 

The hypothesis stated that, in order to protect the nitrogen-fixing enzyme from high 

di ssolved oxygen concentrations the micro organi sms within Reactor E (nitrogen 

defici ent) would generate increased amounts of extracel lul ar polysacchari des (EPS). 

Shown in Table 6.6 are the carbohydrate values fo und within Reactor D (nitrogen 

supp lemented) and Reactor E (nitrogen defi cient) on Day 80. Due to the higher 

biomass concentration within Reactor E the amount o f carbohydrate present within 

the system is signifi cantly higher than within Reactor D. On a specific basis however 

it was found that Reactor D had more carbohydrates present than Reactor E. The EPS 

calcul ation within the two systems shows that the expected high concentration within 

the nitrogen-deficient reactor was not present. Both these values are larger than the 

3. 1 mg Carbohydrate/g TSS fo und by Su and Yu (2005). The magni tude of difference 

between the li terature and the results for Reactor D m eans that more investigation into 

the composi ti on is required. 

Table 6.6 Carbohydrate Concentrations in Reactor D and Reactor E taken 
on Day 80 

Equivalent Glucose 
Carbohydrate 

Concentration (mg/L) 
Concentrat ion (mg 

Glucose/a TSS) 
Reactor D Reactor E Reactor D Reactor E 

Total 1368 2410 688 575 
Soluble 14 31 7 7 

Centra te 220 83 111 20 
Solid 1354 2378 681 568 
EPS 206 52 104 12 

This result does not support the hypothesis that the o peration of a nitrogen defi cient 

granular reactor would result in a greater amount of EPS being generated than within 

a reactor supplemented with balanced levels of nitrogen . The reason behind this could 

be that the structure of a granu le was enough to provide suffi cient protection of the 

nitrogenase enzyme from oxygen stress without excess EPS production. This theory, 

however should be the subject of further research effort. 
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6.11 Long Term Viability 

The viabi lity of aerobic granu les over a significant period of time has not thoroughl y 

been investigated. The length of this study was only 75 days and this is a short length 

of time when compared to other studies such as McSwain et al. (2004) , which went 

for 220 days, and Schwarzenbeck et al. (2004) , which ran for 25 weeks . 

6.12 Summary 

This work has demonstrated , that for the first time, a successful adaptation of granular 

activated sludge to the treatment of nitrogen deficient feedstocks , through the 

acclimation of nitrogen fixing microorganisms. This is a novel and very important 

result, which could have implications for the treatment of many industrial 

wastewaters. 

Two reactors were run: supplementation of nitrogen, in the forn1 of NH4Cl (Reactor 

D) , and no supplementation of nitrogen (Reactor E) were used to detern1ine whether 

granulation within a nitrogen deficient reactor was possible, and if so, what is the 

effect of nitrogen deficiency on a granular system . 

Excellent granulation was generated in both the supplemented and deficient reactors , 

and biological nitrogen fixation was confi1111ed as an active process within the -

deficient reactor. The morphological and treatment characteristics found within the 

two reactors are shown in Table 6.7. 
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Table 6.7 Summary characteristics for the Reactor D (nitrogen 
supplemented) and Reactor E (nitrogen deficient) systems. 

Reactor D Reactor E 
Nitrogen Nitrogen 

Supplemented Deficient 
<1> .~ Volume-based diameter (mm) 2.2 6.1 
O> V> 
~<' Circularity 0.41 0.45 
E ~ 
- <:( Fractal Dimension 1.057 1.139 

Area (cm 2
) 0.03 0.39 

<ii gi Equivalent Diameter (mm) 2.0 7.0 

~ :i Circularity 0.61 0.21 s C: ·- ~ Fractal Dimension 1.58 1.62 "O .... .s <.!) 
Settling Velocity (cm/s) 0.88 1.42 
Specific Gravity 1.019 1.002 

"O .... Sludge Volume Index (ml/g) 125 48 
<1> 0 
)( ::i Suspended Solids (mg/L) 1550 3540 ~3 

EPS (mgGlucose/gTSS) 104 12 
Suspended Solids (mg/L) 290 160 

Soluble Carbon (mg/L) 17 14 
i:: 

Carbon Treatment (%) 96.6% 97.4% <1> 
::i 

:t:: TKN (mg/L) 50 24 LU 
DKN (mg/L) 11 4 
Phosphorus (mg/L) 8.9 10.9 

Microbial analysis us ing T-RFLP revealed that the bacterial population di versity was 

higher in the nitrogen deficient reactor. 

The quality of effluent from each reactor was investigated. It was found that, over the 

course of the study, the nitrogen deficient reactor proved superior to its supplemented 

counterpa11. parti cu larly in nitrogen and solids discharge in the final effluent. 

The granules generated under nitrogen deficient conditions were found to have 

signifi cantl y different properties to those generated in the supplemented reactor. 

lmage analysis of the granular populations fou nd that granules within the nitrogen 

deficient reactor were dramatically larger, less spherical and had an increased surface 

ruggedness (measured as the fractal dimension). 

The need to protect the nitrogenase enzyme is the driving factor for the resulting 

granular macro structures and their surface characteristics. Nitrogen fi xers are known 

for their highly filamentous nature, and this is clearly evident within the microscopy 
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samples, and these filaments and large number of protrusions cause the increased 

fractal dimensions. The filaments themselves could also serve as structural support 

within the granule but also create voids within the structure. 

Granules generated under nitrogen deficient conditions were better settling than those 

generated under supplementation, with faster settling times and lower sludge volume 

indices, despite having a lower density. This lower density could reflect voids or gel

fonnation within the granule structure. As a result of improved settling perfom1ance, 

the biomass concentrations within the nitrogen deficient reactor were significantly 

higher than those within the supplemented reactor. 

The hypothesis of increased EPS production within the nitrogen deficient reactor, in 

order to protect the nitrogen fixation faculties, was not proven in this work, although 

the measured concentration was still found to be greater than reported values from 

literature (Su and Yu, 2005). This illustrates the potential that the structure of a 

granule may have provided sufficient alternative protection of the nitrogenase enzyme 

from oxygen stress , thus minimising any advantage in generation of large amounts of 

EPS. There is a clear requirement for further work in this area, should granulation of 

these systems be of continued interest. 

This study has shown that, not only are granular nitrogen deficient reactors viable, but 

they also show significant advantages over supplemented reactors. However the 

viability of these granules over long periods has not been investigated , with typical 

granular system run for up to 220 days compared to the study's 75 days. 
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Chapter 7: Effect of Turbulence 

7.1 Introduction 

The general effect of turbulence and hydrodynamic shear forces on the fonnation and 

development of biofilms and granular systems has been studied . However, given the 

novelty of the process, the effect of turbulence on specific nitrogen fixing or nitrogen 

deficient systems has not been investigated. 

In the case of biofilms it has been found that stronger hydrod ynamic shear forces 

result in a much stronger biofilm, whereas if these forces are weaker then the structure 

of the biofilm is itself weaker and increasingl y non-unifonn and porous in nature 

(Kwok et al., 1998; Chang et al., 199 1; Chen et al., 1998; Rittmann 1982; van 

Loosdrecht et al., 1995). The similarities between biofilm and granular systems 

suggest that these findings are analogous between biofi lm and granular systems. 

Research into aerobic granulation has fo und that under less turbulent, lower 

hydrodynamic shear conditions granulation did not occur and systems became 

dominated by fluffy fl occulent biomass (Liu et al., 2003b: Tay et al., 200 l ; Tsuneda 

et al., 2003; Yang et al., 2003). These stud ies have found that a minimum specific 

upflow air velocity threshold is required before granules would be fom1ed. Liu et al. 

(2003b) fo und that at an upflow velocity of 0.3 cm/s granules did not fonn and the 

system was dominated by 'conventional bio flocs' . In the same study, reactors run at 

an increased upflow velocity of 1.2 cm/s formed consistent, spherical granu les. An 

earl y study by Beun et al. (1999) found that 'stable' granules did not form below 1.4 

cm/s. 

Typically, standard nitrogen fixing systems have been mixed using impellor 

technologies and sporadic aeration bursts to achieve the low oxygen concentration set 

points. Within aerobic granular systems, mixing is typically achieved using upflow 

aeration. 
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As thi s constant bubbling of air into the reactor resul ts in a higher oxygen 

concentration than is typicall y found within nitrogen fi xing systems it was 

hypothesised that for a granular nitrogen fix ing system a balance must be met between 

increased hydrodynamic shear and increased oxygen concentra ti on inhibi ting the 

nitrogen fi xation process. 

7.2 The Reactors 

The three reactors run, under nitrogen deficient conditions, during thi s experiment 

were Reactors E, F and G. 

I . Reactor E: Tall reactor, large air pump, high oxygen concentration and high 

aeration rate [High turbulence, up flow air velocity of 1.2 cm/s]. 

2. Reactor F: Tall reactor, large air pump, high oxygen concentration and 

variable aeration rate [Moderate turb ulence, up flow air veloci ty of 0.5 

cm/s].The aeration rate was determ ined by the DO concentration; at low DO 

the aeration rate was at its maxim um but as the DO increased the aeration rate 

decreased proport ionate! y. 

3. Reactor G: Tall reactor. small air pump. low oxygen concentration, on/off 

control and mixing using a flea and st irrer plate [Low turbulence, upfl ow air 

velocity less than 0.5 cm/s]. 

These three reactors were all run at I minute settling time to help select for larger 

particles (based on the finding presented in Chapter 5) and at an 8 hour total cycle 

time. The three Reactors were run for 60 days (90 hydraulic retention times) and 

monitored over thi s period. 

It was expected that granules would fo rm w ithin Reactor E and Reactor F. However 

due to lack of turbulent cond itions granule growth within Reactor G was not 

predicted. 
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7.3 General Observations 

Growth within all 3 reactors occurred within a few days of start-up. Within the two 

turbulent Reactors E and F thi s growth occurred as the fonnation of granular bodies . 

Within the less turbulent Reactor G granular growth did not occur. Instead of granular 

bodies fanning within the reactor, a sparse and thin biofilm fonned on the surfaces 

within the reactor coating the probes and wall s within. 

10 mm 10 mm 

Figure 7.1 I11di vidual granule comparisons at Day 60. Left granu le from 
Reactor E (High Turbulence), middle granule from Reactor F (Moderate 

Turbulence), right granu le from Reactor G (Low Turbulence). 

Figure 7.1 shows typical samples taken from each reactor investigated within this 

study. At a high turbulence of 1.2 cm/s distinct spherica l entiti es were observed. 

Similar findings were reported by Beun et al. ( 1999) and Liu et al. , (2003b ). And at 

moderate turbulence of 0.5 cm/s gran ular shapes were sti ll observed. This agrees with 

the results from Liu et al. (2003b) which set the minimum superficial upflow air 

velocity threshold for granule fonnation between 0.3 and 1.2 cm/s. 

From the images shown Figure 7.1 it is evident that for nitrogen-fixing systems 

granules grown at an upflow air velocity of 1.2 cm/s (Reactor E) have significantly 

less filamentous outgrowths and are optically denser than those grown at 0.5 c1n/s 

(Reactor G) as well as the biomass generated in the low turbulence reactor. The 

interesting morphological appearance of these granules could be attributed to the 

relati vely low carbon loading within the feed. Most studies find that low organic 

loading rates, such as the one used in this study, resulted in granules that were more 
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irregular and fluffy (Liu et al., 2005; Moy et al., 2002; Tay et al. , 2004a & 2004b). 

Another cause for surface features could be the form of carbon substrate; Tay et al. 

(200 I) fo und that reactors fed on different s ubstrates resulted in significantly different 

granule structures. 

By convention, it was expected that the lac k of granulati on in Reactor G was caused 

by the lack of mi xing and low upflow air velocity. Due to the sporadic aerati on 

regime, mixing akin to that occurring within the other two reactors was not provided. 

The implementation of stirrer was an attempt to counter this but due to reactor size 

and design the mixing occutTed onl y within the lower I 00 to 150 mm of the reactor 

and was insufficient within the I m tall reactor. The reactor was continued to be run in 

an attempt to achieve granulation . This attempt however was unsuccessful. 

The stirrer was able to di slodge some of the biofilm growth from the walls of the 

reactor. This biomass was highl y filamentous and semi-trans lucent. An example of 

this biomass was shown in Figure 7. 1. Distingu ishing individual pai1icles was 

difficult due to the entwining nature of the fi laments. This convolution means that 

image analysis of a large number of individual particles was impractical and unable to 

deliver a proper representation of the system population. 

As a consequence of thi s fail ure to granulate. results from thi s reactor were 

incomparable to the o ther two reactors run within thi s study and results have been 

omitted from the fol lowing analyses. 

These findings agree with those found in literature (Beun et al., 1999; Liu et al., 

2003b; Tay et al., 200 I ; Tsuneda et al., 2003; Yang et al., 2003): low turbulence 

regimes do not have suffi cient hydrodynamic forces to facilitate granulation of 

biomass wi thin the reactor. 
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7.4 Population Characterisation 

T-RFLP investigati ons fo und that the microb ial populations w ithi n both the high 

turbulence (Reactor E) and moderate turbulence (Reactor F) systems were similar 

(Figure 7 .2). T his shows that differences in their structural characteristics are not due 

to vari ation in the make-up of the bacterial populations. 

100% 

90% 

80% 

70% 

60% 
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40% 

30% 

Reactor E - Day 42 Reactor E - Day 50 Reactor F - Day 42 Reactor F - Day 50 

Figure 7.2 T-RFLP Populati on study. Bands identify different terminal 
fragments that detem1ine population fractions within the reactors (as 

denoted in the legend). 

7.5 Nitrogen Fixation 
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The test for nitrogen fi xation was carried out, Figure 7.3. Thi s found that despi te the 

higher dri ving force for permeation of oxygen into the granules withi n the high 

turbulence system (Reactor E) , fi xati on still occurs. T his is confinned by the 

acetylene reduction assay results. The clear presence of ethylene peaks shows that the 

reducti on of acetylene to eth ylene did occur. 
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Figure 7.3 Acetylene Reduction Chromatob,rrarns. The ethylene standard 
shows the peak for ethylene (product of acetylene reduction) and this peak 

is found in both results from Reactor E and Reactor F. 

7 .6 Morphology 

Shown in Figure 7.4 are mixed liquor images from Reactor E (High Turbulence) and 

Reactor F (Moderate Turbulence). Granules within Reactor E are better formed than 

those within the moderate turbulence Reactor F. Granules within Reactor F appear to 

be fragmented and ill-formed while those granules within Reactor E have that 

spherical core surrounded by filamentous off-shoots. 
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Figure 7.4: Mixed Liquors. Left Reactor E (High Turbulence), ri ght 
Reactor F (Moderate Turbulence) (Taken Day 72) 

7.6. J Image Analysis: Granular System 

Analyses were carTied out on data coll ected on Day 61 of the study. lnvestigation into 

the size of granules withi n the two reactors containing granules found that bo th 

reactors had s imilarl y s ized populations with mean volume based cumulati ve 

distribution va lues of 6. 1 and 6.9 mm diameters fo r the high turbulence (Reactor E) 

and moderate turbulence (Reactor F) systems respectively. Shown in Figure 7.5 is this 

size distribution found on Day 6 1. Both reactors maintained these size di stributions 

for over 50 HRT despite changes in some o ther characteristics. T his shows that 

reactors were capable of sustaining a granular popula tion a t within nitrogen fix ing 

reactors with superfi cial upflow air velociti es of 1.2 emfs and 0.5 emfs over a period 

of several months ; longer term studies are required to detem1ine the stability of 

granules in nitrogen defi cient systems over longer time periods . 
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Figure 7.5 Volume-based cumulati ve distribution values within Reactor E 
and Reactor F at steady state, on Day 6 1. 

It was found that the edges of granules within the high turbulence reactor had a 

slightly more ci rcular shape (Table 7. 1) than those that were generated wi thin the 

moderate turbulence reactor. This iITegularity was further confi1111ed through the 

Fractal Dimension calculated using the Zartari an et al. ( 1997) method. These two 

numbers show that the Reactor E with its high level of turbulence was capable of 

generating granules that were increasingly circular and the 'rugged' or filamentous 

nature of the granule edge was less than in the Reactor F with its moderate turbu lence. 

Tay et al.(200 I a) fou nd similar results win increased turbulence increasing the 

smoothness of granules. 

Table 7. 1 Edge characteristics of granules within Reactor E (High 
turbulence) and Reactor F (Low turbulence) taken on Day 6 1. 

Circularity 
Fractal Dimension 

Reactor E Reactor F 
0.451 0.341 
1.139 1.202 

Other studies have fo und that as granules mature their surfaces become increasingly 

smooth and regular (Beun et al., 2002; Jang et al., 2003). In comparison to these 

studies, the length of this study into nitrogen-fixing granules is significantly shorter 
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and opens the possibility that the 'final' form of granules generated could be 

significantly smoother and more regular. 

Shown in Table 7.1 is the mean circularity of granules on Day 61. The circularity 

within high upflow air velocity Reactor E remained constant throughout the end 

stages of the experiment. Granules within Reactor F became increasingly more 

irregular and this is reflected by the relatively reduced circularity. 

7. 6.2 Image Ana(rsis: Individual Granules 

On Day 72 fifteen individual granules were taken for analysis. Shown in Table 7.2 arc 

the granule characteristics measured within both the high turbulence (Reactor E) and 

moderate turbulence (Reactor F J systems. These\ alues were calculated without 

weighting granules based on their volume. and consequentially. the equivalent 

average diameter of granules within Reactor E "as found to he higher than within 

Reactor F. 

The individual granules in both reactors were found tP have a low circularity ,·,due. 

But the difference between the two systems was still quite obvious: those found 

within Reactor E were found to have almost twice the circularity value of those found 

within Reactor F (0.21 com1xired to IJ. I O rcspcctivciyJ. 

The equivalent circular diameter of granules is larger within Reactor E. 7.0 111111, than 

Reactor F. 5.2 mm. and when this is compared to the Feret's Diameter the potentially 

elongated and random shapes associated with Reactor F arc evident. 
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Table 7.2 Reactor E (High Turbulence) and Reactor F (Moderate 
Turbulence) Granule Characteristics 

Reactor E Reactor F 
Characteristic mean std dev. mean std dev. 

Area (cm 2
) 0.39 0.12 0.22 0.08 

Perimeter (cm) 4.97 1.00 5.43 1.59 
Circularity 0.21 0.08 0.10 0.03 
Ferets Diameter (mm) 8.29 1.32 7.22 1.52 
Equivalent Diameter (mm) 7.00 1.05 5.17 0.90 
Fractal Dimension 1.62 0.03 1. 71 0.03 
Settling Velocity (cm/s) 1.42 0.23 0.89 0.16 
Density (kg/m3

) 1002 1 1001 1 

7.7 Granule Settleability 

The buoyancy densi ty of granules within the two reactors shows the similarity 

between them. Despite thi s the settling velocity of granules within Reactor E was 

significantly higher ( 1.42 cm/s) than that of granules within Reactor F (0.89 cm/s). 

This settling velocity for the moderate turbulence Reactor Fis similar to those va lues 

for acetate fed reactors that are found within the literature (see literature Review 

Chapter 2 Table 2. 7). However, the settling velocities fo und within the high 

turbulence reactor are higher than those values fo und for reactors fed with the same 

carbon source. Within studi es using alternate carbon sources this settling velocity is 

comparable. 

The packing of solids within the reactor can be described by the sludge vo lume index 

(SVI) this is shown in Figure 7.6. This shows that Reactor E, run under higher 

turbulence levels , was found to have comparable (but slightly better) solid settleability 

with Reactor F. Further comparisons found that the final SVI value of near 50 m L/g 

for both reactors show simi larities with results from literature (Jang et al., 2003; 

Mcswain et al., 2004; Moy et al. , 2002; Su an Yu, 2005; Wang et al., 2004) and was 

dramatically better than non-granulating sludge generated under similar nitrogen 

deficient and SBR conditions (Dennis et al. , 2004; Sheker et al. , 1993). 

LBMTan Page 114 



250 

Cl 
:J 200 
E. 
>< 
Cl) 

"O 150 
.E 
Cl) 

E 100 :i 

g 
Cl) 

50 C) 
"O 

1-, 
.,/ r.! ...... '. __ j. ________ _ 

• 
--; - - -IL... - - - - - - ~ 

:i 
iii 

0 
0 10 20 30 40 50 60 70 

Day 

• Reactor E • Reactor F - - Reactor E - Average Reactor F - Average 

Figure 7.6 S ludge Volume Index of solids fo und within Reactor E (High 
T urbulence) and Reactor F (Moderate Turbulence) 

7.8 Effect of Turbulence on Nitrogen-Fixing Granular Structures 

A correlation to determine the effect of the turbulence variab le within the two reactors 

was carried out and is shown in Table 7.3. The major outcomes from th is analysis 

were that increasing the turbu lence with in the system resulted in granules with a more 

consistent edge characterist ic as the fractal d imension drops to a val ue representi ng a 

less rugged edge and the granule becomes more circular. The other noti ceable effect is 

the increased settling velocity at higher aeration levels. Increased settli ng veloci ty is 

imporiant within granular systems as it allows retention of biomass desp ite the 

restrictions of shortened settling times. This shows that in th is study. running reactors 

under more turbulent conditions results in more desirable, faster settling, granu lar 

structures. 
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Table 7.3 Correlation for Reactor E (High Turbulence) and Reactor F 
(Moderate Turbulence) 

Reactor Turbulence Densit'i_ Fd Area Perim. Gire. Feret s. Ve!ocitt_ 
Reactor 1.00 
Turbulence -1.00 1.00 
Density -0.48 0.48 1.00 
Fd 0.85 -0.85 -0.47 1.00 
Area -0.68 0.68 0.19 -0.61 1.00 
Perim. 0.18 -0.18 -0.27 0.28 0.36 1.00 
CJrc. -0.70 0.70 0.24 -0.75 0.40 -0.56 1.00 
Feret -0.36 0.36 -0.09 -0.28 0.86 0.66 0.13 1.00 
S. Velocity -0.82 0.82 0.44 -0.76 0.79 0.00 0.58 0.57 1.00 

7.9 Treatment Performance 

A comparison of the treatment eflicicncies of the two granular reactors was carried 

out to detcnnine the carbon removal occurring and also the le\·els of solids. nitrogen 

and phosphorus in the effluent. 

7. 9.1 Reactor Solid.,· Lei·el 

The tutal suspended solids, alues measured during this experiment are shown in 

Figure 7.7. Initially the focus of this experiment was on the start-up stages of the 

granulation process: however it became apparent during subsequent analysis and 

literature investigation that the start-up of a granular system takes a significantly 

longer period than was first assumed. Folh,wing a rapid increase in the solids level 

within both reactors washout ()Ccunnl and the solids level dropped. Aller the 

populations stabilised they began tu increase and by Day 60 they had reached biomass 

concentrations of4.0 g!L. within the Reactor E (high turbulence), and 5.0 g!L. within 

Reactor F (moderate turbulence). Jang cl al. (2003 ), with a slightly lower organic 

loading rate of 2.5 kgCOD1(m 3.d). reported a similar solids concentration of 5.8 g/L 

60 days after reactor start-up whilst McSwain er al. (2004) and Tay et al. (2001 ), with 

organic loading rates of 2.4 and 6.0 kgC0D/(m 3.d) respectively, found the solids level 

within systems to increase above 8.5 g/l. Some of this could be attributed to the 

difference in settling velocity with more turbulent systems requiring more time to 

become quiescent and allowance of particles to begin settling. 
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Figure 7.7 Total mixed liquor sus pended solids fou nd within Reactor E 
(High Turbulence) and Reactor F (Moderate Turbulence). 

Figure 7.8 shows the effluent di scharge occurring within each reactor is at a similar 

level of around 0.20 g/L for the first month . This consistent level of solids washout 

within the effluent while the level of solids within the mixed liquor increases impl ies 

tha t a simi lar fraction of the reactor mixed liquor is being washed out. At Day 60 the 

solids level within the effluent of the high turbul ence Reacto r E was found to have 

decreased sli ghtl y to 0.15 g/L but w ithin the reactor with only moderate turbulence 

Reactor F the washout had decreased to a level just greater than 0.05 g/L. 
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Figure 7.8 Total effluent suspended so lids found w ithin Reactor E (High 
Turbulence) and Reactor F (Moderate Turbulence) 
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Increased levels of turbulence were expected to result in increased levels of washout 

due to increased shear causing higher levels of surface attrition. However, this was not 

found to occur until towards the final 15 days of the study where retention of biomass 

within the moderate turbulence system (Reactor F) increased significantly. dropping 

from an effluent solids concentration of 220 to 140 mg/L while the mixed liquor solids 

concentration doubled from 2.2 to 5.0 g/L. 

Within the low turbulence Reactor G. eftluent suspended solids slowly built up to 

reach a final mixed liquor concentration of only 0.4 g:L suspended solids. with an 

effluent suspended solids concentration of0.20 g.'L on Day 63, revealing the lack of 

growth that was occurring. 

7. 9.2 Carbon Re11101'a/ 

The influcnt total organic carbon concentration ofthc feed was 500 mgiL in the form 

of sodium acetate. Both reactors were found to be capable of rcmO\ ing a significant 

percentage of in fluent carbon (utilised for respiration and growth). The, ariati"n in 

the treatment efficiency over time is shown in Figure 7.9 and shows that the high 

turbulence reactor (F) had an a, erage treatment dt,ciency nf97.5 "~ while the 

moderate turhulence in React(,r F resulted in a slight Iv ](lwer etliciency ()f 96.5 "o. 
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Figure 7.9 T reatment effici encies within the Reactor E (High Turbulence) 
and Reactor F (Moderate Turbulence). 

The di ssolved oxygen concentration within each reactor was measured. Due to the 

minima l oxygen util isation rates within the low turbulence reactor, changes were onl y 

seen during decant and feed cycles fo llowed by a gradual regeneration to saturation 

oxygen concentration. 

Shown in Figure 7. I Oare the disso lved oxygen (DO) profiles within both the high 

turbulence (Reactor E) and moderate turbulence (Reactor F) systems. Th is shows the 

DO recovery curves, where the oxygen concentration drops as the substrate is 

consumed and then returns to saturation over time. The length of the drop indicates 

that both reactors consumed substrate over a similar period of time (between I .5 - 2.0 

h).The magni tude of the drop of DO within the two systems can be explained through 

mass transfer and replenishment rates. With higher turbulence and thus mass transfer 

within Reactor E the drop is much smaller when compared to the moderate turbulence 

Reactor F. 

This shows that the d issolved oxygen concentration was not providing a significant 

rate limitation for the nitrogen-fixing systems under these conditions. With the 

treatment levels remaining at high efficiencies and solids levels at comparable levels 

to other studies, growth within these nitrogen fixing granular systems has not been 
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shown to be inhibited by the elevated dissolved oxygen concentrations. This 

phenomenon may reflect a highly advantageous aspect of granules, namely that of 

providing microniches where particular bacterial mechanisms (like nitrogen fixation 

under low oxygen environments) can flouri sh, to the benefit of the overall system. 
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Figure 7. 10 Dissolved Oxygen Profi les within the Reactor E (High 
Turbulence) and Reactor F (Medium Turbulence). The shaded areas 

denote time decant and feed periods. 

7. 9.3 Nitrogen Treatment 

Day 60 

The nitrogen, in the fo1111s of Kjeldahl , total (TK ) and di ssolved (DKN), nitrogen 

oxides (NOx) and ammonium (NH/) was measured in the feed and effluent streams 

from both reactors. Shown below in Table 7.4 is the nitrogen concentration found 

within the influent. 

Table 7.4 lntluent Nitrogen compounds within Reactor E (High) and 
Reactor F (Moderate) 

Component 
Reactor E Reactor F 

{mgtq {mgtq 
NOX 0.03 0.03 
TKN 6.8 4 .3 
DKN 4 .8 3.2 

Kjeldahl nitrogen concentrations are shown in Figure 7.11. The Kjeldahl nitrogen 

concentration within both reactors shows a significant increase over that which enters 
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via the feed , again reflecting the action of the bacteria carrying out fixation of 

nitrogen into both reactors. The increase in the effluent TKN can be directly attributed 

to the amount of biomass being washed out from both of the reactors, while the DKN 

in and out of the system did not change significantly, and remained consistentl y low, 

re-emphasising the excellent nutri ent di scharge control which can be exerted by a 

nitrogen fixing system. 
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Figure 7. 11 Total and Dissolved Kjeldahl Ni trogen Effl uent 
Concentrat ions with in Reactor E (High) and Reactor F (Moderate) 

Nitrogen balances (Table 7.5) reveal that the amount of nitrogen fi xed within the high 

turbulence system is over 50 % more than the amount fixed within the moderate 

turbulence reactor. Thi s is interesting as the assumption was that higher oxygen 

concentrations, as a consequence of the hi gh turbulence, would result in lower levels 

of fi xation. The ratio of soluble to solid nitrogen being di scharged, I :6.0 mgN/d and 

I :2.69 mgN/d for the high and moderate reactors respecti vely, shows that a high 

proportion of the soluble nitrogen that was fix ed is being discharged with utilisation 

by the mi crobes within the system. 
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Table 7.5 Nitrogen Ba lances for Reactor E and Reactor F (Day 61) 
In Out 

Reactor Feed N-Fixed N-soluble N-solid 
(mgN/d) lmaN/d) lmaN/d) (mgN/d) 

E High Turbulence 2.2 47.1 7.0 42.3 

F 
Moderate 

2.2 
Turbulence 

30.3 8.8 23.7 

7. 9.4 Phosphorus Treatment 

Phosphorus was added to both reactors at the same level of I 0.5 mg/L to tal 

phosphorus (TP) and 5.5 mg/L dissolved (DRP). 

N-tot 
(mgN/d) 

49.3 

32.5 

The concentration o f TP within the effluents of both reactors was fou nd to be I 0.9 

mg/Land 7.6 mg/L fo r the high turbulence and moderate turbul ence reactors 

respectively (Figure 7. 12). The lower value withi n the moderate turbulence val ue can 

be attributed to an increased retention of biomass within the system. a the mixed 

liquor suspended solids concentration continued to increase throughout the study 

period. while the level of solids discharged in the effluent continued to decrease. 

Bo th reactors show similar utili sation leve ls of di ssolved phosphorus with drops of 

3.0 and 2.6 mg/L being found in the two systems. This shows that the effect of 

turbulence does not directly affect the uptake of phosphorus. 
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7 .10 Carbohydrate Production 

It has been found that increased levels of turbul ence and hydrodynamic shear result in 

the overproduction of ex tracellul ar carbohydrates (Chen et al. , 1998; Ohashi and 

Harada, 1994; Tri net et al., 199 1 ). These carbohydrates can be separated into the 

major subcategori es of polysaccharides and proteins. The ratio between these two 

categories was fo und to vary from 5: I to 15: I (polysaccharides: proteins) increasing 

with increased turbul ence (T ay et al., 200 I). The amount of extracellular 

polysaccharide (EPS) is often regarded as having significant effect on reactor 

characteri sti cs. Increased levels of EPS increase the way that cell s bind together as 

well as the integrity of any m atJix the cell s are part of (Tsuneda et al., 200 I) while the 

di sappearance of aerobic granules has been found to coincide with a drop in the EPS 

concentration (Tay et al., 2001 ). 

Carbohydrate EPS concentrations were measured within both the high and moderate 

turbulence reactors. Both reactors, having demonstrated similar suspended solids 

values, with high turbulence reactor having a slightly higher TSS value, were found to 

have similar concentrations of soluble and centrate EPS concentrations. This led to a 
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very similar EPS reading of 12 and 11 mg Glucose equivalents/g TSS for the high and 

moderate turbulence reactors respectively (Table 7.6). Comparison to literature 

however finds that these values are larger than the 3.1 mg Carbohydrate/g TSS found 

by Su and Yu (2005). 

The total carbohydrate calculation within the high turbulence, Reactor E, was 

significantly higher than within the moderate Reactor F, this is interesting as the 

solids levels within the two reactors are very similar at this point. Turbulence was 

found not to have an influence on the amount of EPS within the systems. 

Table 7.6 Carbohydrate-based EPS concentrations within Reactor E (High) 
and Reactor F (Moderate) taken on Day 80 

Total 
Soluble 

Centrate 
Solid 
EPS 

LBM Tan 

Equivalent Glucose 
Concentration (mg/L) 

Reactor E Reactor F 
2410 1616 

31 26 
83 79 

2378 1590 
52 53 

Carbohydrate 
Concentration (mg 

Glucose/a TSS) 
Reactor E Reactor F 

575 324 
7 5 

20 16 
568 319 
12 11 
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7.11 Summary 

Three reactors were run under varying levels of turbulence. Two of these systems, 

Reactors E and F, were run under high (1 .2 cm/s upflow air velocity) and moderate 

(0.5 cm/s) turbulence conditions respectively and fonned granules with a median size 

of 6.1 and 6.9 mm for each system. However, the third system, Reactor G, run at a 

low turbulence (below 0.5 cm/s) , was incapable of granulation. This confinned that a 

minimum turbulence within a system is required in order for granulation to occur. 

Shown in Table 7. 7 are the summary characteristics for the Reactor E and Reactor F. 

Table 7.7 Summary Characte1istics for the granulating systems Reactor E 
(high turbulence) and Reactor F (moderate turbulence) 

Reactor E Reactor F 
Moderate 

High Turbulence Turbulence 
C/) Volume-based diameter (mm) 6.1 6.9 (!) · -0, C/) 

CU~ Circularity 0.45 0.34 t: CU -~ Fractal Dimension 1.139 1.202 

Area (cm 2
) 0.39 0.22 

co~ Equivalent Diameter (mm) 7.0 5.2 
::i - Circularity 0.21 0.1 ~ ~ 
i5 ~ Fractal Dimension 1.62 1.71 
~<.9 

Settling Velocity (cm/s) 1.42 0.89 

Specific Gravit~ 1.002 1001 

"O '-- Sludge Volume Index (ml/g) 48 70 
(!) 0 
)( ::i Suspended Solids (mg/L) 3540 4990 
·- 0-~ ::J EPS (mgGlucose/gTSS) 12 11 

Suspended Solids (mg/L) 170 130 

Soluble Carbon (mg/L) 14 18 
C: 

Carbon Treatment(%) 97.4% 96.3% (!) 
::i 
~ TKN (mg/L) 24 16 
lJJ 

DKN (mg/L) 4 4 
Phosphorus (mg/L) 10.9 7.6 

The granules generated at high turbulence (Reactor E) were found to be more circular 

and have a less rugged edge characteristic than those generated within the moderate 

turbulence system (Reactor F) . 
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The high turbulence granules were faster settling than those generated under moderate 

turbulence and had a lower sludge volume index despite granules generated under 

both sets of conditions having similar densities. 

A higher mixed liquor solids content was found within the moderate turbulence 

reactor, and the level of solids within the effluent was lower than within the higher 

turbulence reactor. The carbon removal efficiency were similar within both systems 

and reflected an excellent level of organic carbon removal. 

The hypothesis that a certain turbulence threshold must be achieved in order for 

granulation to occur was confinned. with granulation not occurring when the 

superficial upflow air velocity of the reactor was below 0.5 cm/s. When the up flow air 

velocity was maintained at 0.5 crn/s the oxygen uptake rate was greater than at a 

higher air velocity of 1.2 cm/s. This shows that a high dissolved oxygen concentration 

can be overcome. This is most likely through the effect of mass transfer limitation 

caused by granule structure and EPS production. 
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Chapter 8: Conclusions and Recommendations 

This Masters thesis details the successful development of an aerobic granular system 

capable of treating nitrogen deficient wastewater through nitrogen fixation. This is a 

novel and very significant result, and could have implications for the treatment of 

many industrial wastewaters. 

Ni trogen fi xation and granulation are two unique technologies that have been 

separately utilised in the treatment of industrial wastewaters. However, systems 

uniting the principles of these two treatment processes have not been investi gated. 

Nitrogen fi xation allows treatment of wastewaters where the amount of avai lable 

nitrogen is a limiting factor. However. these systems are often plagued w ith poor 

sludge settleability and, due to the sensiti vity of the enzyme responsible fo r fixation, 

must operate at low levels of oxygen conce ntration . 

Conversely aerob ic granular systems have been found to operate with good sludge 

settleability and, due to the conventional method of mixing and turbu lence, at high 

levels of oxygen concentration. Previous studies have found that there is a turbulence 

threshold below which granules wi ll not fonn. This led to the potenti al conflict within 

a system that utili sed both of these technologies: for nitrogen fixati on to occur a low 

oxygen concentration was required , while for granules to fonn the high level of 

turbulence meant a high oxygen concentration was required. 

Using a specially developed image analysis technique, characteristics of granules 

were investi gated in order to compare the effects of operating conditions on the shape, 

size and morphology of granules. Other analyses were also utilised in order to 

understand the biochemical responses to varying operating conditions. 

The investigation into the effect of settling time on the granule formation process 

found that the time allowed for a reactor to settle did have an effect on the fonnation 
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characteristics of granules, but not whether granules would be fonned within the 

reactors. Tlu·ee reactors were run at 1, 2 and 15 minutes settling time. It was found 

that the type of granules grown in the ] -minute were significantly different from the 

type of granules grown in both the longer settling reactors . Granules grown under the 

I -minute settling time reactor were larger than those within the 2 and 15-minute 

settling time reactors and had a more irregular edge characte1istic while both the 2 and 

15-minute systems had similar values. This shows that at some point between 1 and 2 

minutes settling is a critical point where the characteristics of granules change. This 

a lso shows the importance of reactor washout for the determination of granu le size. 

The investigation into the effect that nitrogen deficiency had on granulation found that 

it was possible to generate granules in nitrogen deficient treatment systems. Certain 

types of bacteria have an enzyme, nitrogenase, capable of fixing atmospheric nitrogen 

and conve1iing it into an available fonn for the bacteria to use. Fixation was found to 

occur in systems subjected to nitrogen deficient conditions, and as the amount of 

nitrogen added to a system was increased, nitrogen fixation ceased. The physical 

differences between the granules grown under nitrogen-rich and nitrogen-deficient 

conditions was evident in the difference in the granule size and structure. Those 

granules grown without nitrogen supplementation were denser and larger than those 

grown with . The increase in size resulted in limited penetration of oxygen into the 

granule. Zones of low oxygen concentration were created within a granule that would 

allow bacteria to fix nitrogen. 

The investigation into the effect of turbulence on the fom1ation of granules has 

previously been documented. Mixing, and turbulence, within these reactors is 

generated through continuous aeration using compressed air. This constant aeration 

however means that the oxygen concentration within the reactor is maintained at high 

levels. This interferes with the some microbial processes , most notably nitrogen

fixation , but has been found to be a requirement for generation of granules. However 

as no literature has documented the effect of turbulence on nitrogen deficient systems 

this investigation endeavoured to detennine the influence this had on granular 

characteristics. A reactor run under highly turbulent aeration conditions was compared 

with a reactor run under a variable aeration level that had a minimum baseline level of 
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aeration and a reactor run without this minimum threshold. It was found that without a 

minimum turbulence threshold 6rranules were not generated and a biofilm became the 

dominant microbiological fom1 within the reactor. The comparison of high and 

moderate aeration reactors found that granules grown under the less turbulent regimes 

were more filamentous, irregular and had slower settling velocities than those grown 

under greater turbulence. 

Comparison of carbon treatment found that both nitrogen deficient and supplemented 

systems were capable of similar levels of removal with typical removal efficiencies 

,greater than 95 % for both sets of systems. 

The levels of total Kjeldahl nitrogen within the effluent of the nitrogen deficient 

system was found to be half that found within the supplemented system showing 

clearly that it has significant advantages when it comes to effluent quality. 

The salient discoveries within this study were that: 

l. It was possible to generate aerobic granules using nitrogen deficient 

wastewater. 

2. Decreased settling time was found to result in larger denser ,granules. 

3. A minimum turbulence was required in order for granules to forn1. 

4. Carbon removal levels are not impacted when supplemented systems arc 

compared to deficient systems; while nitrogen levels are significantly lower 

for systems where fixation is the source of nitrogen for growth. 

5. Nitrogen granules are an interesting and significant discovery with the 

potential for fmiher investigation in future investigations. 

The scope of future work on aerobic nitrogen-fixing granular technology based on this 

study has the potential to expand down a number of different avenues. The most 

significant area of investigation would be the long term viability of granules 

developed using this technology, with other granular studies running for much longer 

periods of time. 
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Further development of the image analysis techniques, including the distributions of 

6,ranules within reactors and their surface characteristics would allow for a greater 

understanding of the influence that the key parameters such as settling time and 

turbulence have on microbial development. 

Research to acquire a greater knowledge of the microbial characteristics of granules 

6,rown within aerobic, nitrogen deficient systems, would provide a significant insight 

into the structure, fonnation and distribution of different microbial populations within 

a granule. Understanding of the nutrient, carbon and oxygen levels, within specific 

regions of a 6,ranule and how these components are transported internally within 

b,ranules would also help facilitate development of systems. 

Ultimately, optimisation of nitrogen-fixing 6,ranular systems using synthetic 

wastewaters would ideally lead to the development of granular systems capable of 

treating real wastewaters that are deficient in nitrogen. This could lead to significant 

commercial and industrial success in the frmn of a cheaper, high perfrmnance. 

treatment system. 
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