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ABSTRACT 

A phosphorus rich wastewater, typical of a dairy processing site producing milk 

powder, was biologically treated in a continuous activated sludge reactor. 

A l iterature review indicated there was a vast amount of information on the 

mechanisms of the Enhanced Biological Phosphorus Removal (EBPR) process and 

its application to domestic wastewaters, but little successful research on its application 

to dairy processing wastewater. 

The biodegradability of the wastewater organic fractions was assessed due to their 

impact on the EBPR process. Continuous anaerobic fennentation tests were used to 

detennine the concentration of volatile fatty acids that could be generated, as these are 

required for successful EBPR. A fermenter hydraulic retention time of 1 2  hours and a 

temperature of 35 °C generated the highest concentration of volatile fatty acids, with 

an acidification rate of 65% (based on 0.451lm filtered COD). 

To permit improved dissolved oxygen control and increased flexibility, a multi-zone 

reactor was designed. A fermentation stage was also incorporated prior to the 

activated sludge reactor. This reactor was operated with anaerobic, anoxic and aerobic 

zones at an SRT of 1 0  days and stable biological phosphorus removal was achieved. 

A maximum of 4 1 .5 mg P/L was removed and phosphorus release and PHA storage 

occurred in both the anaerobic and anoxic zones. The soluble COD consumed in the 

unaerated zones (anaerobic + anoxic) totalled 484 mg COD/L on the day of the zone 

study (day 1 58) .  The aerobic sludge phosphorus concentration averaged 7.0% mg 

Plmg VSS after system optimisation. The anaerobic volume was doubled in order to 

increase the anaerobic consumption of volatile fatty acids. This change increased the 

amount of soluble COD consumption in the unaerated zones to 632 mg P/L after 40 

days but did not result in a significant increase in biological phosphorus removal. 

In the next senes of trials, the concentration of nitrogen in the wastewater was 

decreased and the anoxic zone removed. This change did not improve the amount of 

biological phosphorus removal ,  which was 35 mg P/L at an SRT of 1 0  days. The 

effect of different sludge retention times was then investigated. Increasing the SRT to 
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1 5  days resulted in little change in  phosphorus removal (34.5 mg P/L). Decreasing the 

SRT to 5 days resulted in the loss of EBPR. 

The medium term effect on the EBPR process by removing the fermentation stage 

was also assessed using an AO configuration at an SRT of 1 0  days. The amount of 

phosphorus removed decreased slightly after 34 days to 34 mg P/L, but the soluble 

COD consumed in the anaerobic zone increased to 624 mg P/L. 

It was concluded that a stable EBPR process could be established when treating a 

dairy processing wastewater with a continuous activated sludge reactor. The 

biological stability was sensitive to changes in the solids retention time and the 

removal of the fermentation stage. 
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CHAPTER ! 
Introduction 

Chapter 1: Introduction 

1.1  The New Zealand Dairy Industry and Wastewater Management 

The dairy industry comprises around 20% of New Zealand's exports by commodity 

on a revenue basis and consists of 1 5,000 dairy farmers and 3 .2 millions cows 

(Statistics New Zealand, 2003) .  Of the annual milk production of 1 2  billion litres, 
96% is converted into 1 .6 million tonnes of product at around 25 processing sites 

(mainly butter, cheese, milk powder and casein), of which 90-95 % is exported (NZ 

Dairy Board, 2001 ) . With a conservative ratio for the volume of waste water produced 

to volume milk processed at a processing plant of 1 .0 (Danalewich et al. , 1 998; Dick, 

1 998;  Environment Canada, 1 997; Rule, 1 997), there is at least 1 2  million m3 of dairy 

processing wastewater that needs to be managed each year in New Zealand. 

In New Zealand, land irrigation of dairy processing wastewater is the predominate 

method of disposal with varying degrees of primary and secondary treatment prior to 

irrigation (Leonard, 1 996). Irrigation is feasible where the processing site is 

surrounded by suitable agricultural land and agreements can be reached with 

landowners to use the nutrient content of the wastewater as a fertiliser. With the move 

to fewer centralised dairy processing facilities there is a corresponding increase in the 

wastewater volume generated at each processing site, resulting in greater land areas 

being required for wastewater irrigation. The soil type, nutrient content of the 

wastewater and seasonal weather characteristics largely determine the rate of 

wastewater irrigation per unit area of land. However, the mass of nitrogen applied per 

area per annum rather than the hydraulic loading is one of the principal determinants 

controlling the rate of irrigation. For those processing sites where irrigation, is either 

not an option, or cannot manage increasing volumes of wastewater, other methods of 

treating the wastewater and removing nutrients need to be assessed. These other 

nutrient removal methods are typically chemical or biological methods. 

1.2 Phosphorus and the Dairy Industry 

Until recently nitrogen has been the primary nutrient of environmental concern, with 

limitations on the wastewater nitrogen concentrations prior to discharge to receiving 
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waters. The role of phosphorus as a nutrient in the eutrophication of receiving waters 

is now recognised in New Zealand, with the introduction of phosphorus discharge 

limits to sensitive receiving waters. The phosphorus content of New Zealand dairy 

processing wastewaters can range from 1 2  mg/L to over 1 00 mg/L depending on the 

process, product and cleaning procedures used (Barnett et al., 1 994). Internationally 

the phosphorus content of dairy processing effluents has occasionally been reported at 

over 200 mg/L (Danalewich et al. , 1 998). This is substantially greater than domestic 

wastewaters (� 1 5  mg/L). The bulk of the phosphorus in dairy processing wastewaters 

originates from detergents and cleaners. 

1 .3 Biological Phosphorus Removal and Dairy Processing Wastewaters 

In New Zealand and internationally chemical phosphorus precipitation is typically 

the phosphorus removal method of choice from dairy processing wastewater 

(Papagiannis, 1 996). However, several New Zealand dairy processing sites currently 

use biological treatment processes (anaerobic and aerobic) to remove organic matter 

(carbonaceous) from wastewater. For those sites that use aerobic activated sludge 

processes, the conversion of these facilities to full biological nutrient removal (BNR) 

treatment processes is a potential option to reduce both nitrogen and phosphorus 

discharges. 

The adaptation of the activated sludge process to remove phosphorus biologically 

from domestic wastewater is common place internationally and is used occasionally 

in New Zealand. This process is known as Enhanced Biological Phosphorus Removal 

(EBPR). Over the last decade, a significant amount of research has been carried out 

into the mechanisms of biological phosphorus removal . Most of this research has 

investigated biological phosphorus removal from domestic wastewater or have been 

laboratory investigations with acetate as the primary substrate. Biological phosphorus 

removal from industrial wastewaters, especially dairy processing wastewater, has not 

been researched to the same degree. 

There is little literature available on the successful application of the EBPR process to 

dairy processing wastewater (Comaeu et al. , 1 996; Kolarski and Nyhuis, 1 995). Some 

pilot and full-scale wastewater treatment plants have been constructed that can 

potentially remove phosphorus biologically, but have not achieved significant 

2 
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biological removal. The lack of EBPR activity was in some cases due to the 

operational conditions or no consideration was given to the wastewater organic 

substrate characteristics and nitrogen concentrations and their effect on the EBPR 

process (Donkin and Russell, 1 997; Papagiannis, 1 996). It  is generally accepted that 

short chain volatile fatty acids (SCVFA's), or readily biodegradable COD are required 

for biological phosphorus removal. Previous studies have shown that there is  a 

significant amount of readily biodegradable COD present in dairy processing 

wastewaters, most likely as sugars (Sozen and Orhon, 1 999; Leonard, 1996). There is 

some doubt as to whether this could be converted to SCVF A in the anaerobic zone of 

a BNR system or sequestered directly. Some studies using glucose as the organic 

substrate have lead to the deterioration of EBPR in BNR reactors by encouraging the 

proliferation of competing bacteria, that can sequester glucose directly in the 

anaerobic zone, without the subsequent storage of polyphosphate under aerobic 

conditions (Mino et al., 1 998). 

1.4 Research Approach 

Successful biological phosphorus removal requires an easily metabolised substrate, 

especially volatile fatty acids (VFA). For this reason in Chapter 4 ,  the initial 

experimental work sought to determine the organic fraction biodegradabi lity of the 

synthetic dairy processing wastewater used in this study. The generation of VF A by 

external fermentation of the wastewater or sludge is now a common part of many 

EBPR processes. Fermentation trials were used to evaluate the ease and degree of 

VF A generation from the synthetic dairy processing wastewater used. 

A preliminary continuous activated sludge trial (without external fermentation) 

provided valuable information (Chapter 5) as to the requirements for, and the ease of, 

obtaining successful biological phosphorus removal . A continuous activated sludge 

configuration was used rather than sequencing batch systems, as in New Zealand all 

existing dairy processing activated sludge systems are continuous flow reactors. 

Biological phosphorus removal was not achieved with this preliminary reactor 

system. 

In the next phase of the study in Chapter 6, an improved system was designed and 

operated consisting of ten zones. This permitted improved control, and increased 

3 
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flexibility in  regard to unaerated and aerated zone requirements. It also required less 

inter zone connections and pumps. This improved reactor system also included an 

external fermentation stage in order to make the conditions for EBPR as favourable as 

possible. This phase of the study concentrated on maximising and maintaining stable 

phosphorus removal with a combined phosphorus and nitrogen removal system 

(AAO). By extending the volume of the anaerobic zone it was found that anaerobic 

VF A consumption increased and the removal of phosphorus slightly improved. Batch 

tests used mixed liquor from the reactor with acetate as the sole carbon source, in 

order to provide rate and stoichiometric information that could be compared with 

literature values. 

In order to assess biological phosphorus removal performance without the 

requirement for nitrogen removal, the wastewater was modified to decrease its 

nitrogen concentration. The effect of varying the sludge retention time was 

investigated and provided valuable information as to the best operational parameters. 

This information when operating with an AO configuration is detailed in Chapter 7. 

Three factors that could influence the EBPR process when specifically treating dairy 

processing wastewater were investigated (Chapter 8). These were: 1 )  simultaneous 

chemical precipitation, 2) the effects of withdrawal of the fennentation stage and, 3) 

the requirement of metal ions during biological phosphorus removal from a dairy 

processing wastewater. 

The performance of different reactor configurations on EBPR is discussed in Chapter 

9, along with recommendations for further research and a discussion of the 

implications for full-scale systems. 

1.5 Specific Objectives 

• Assess and quantify the readil y  biodegradable fraction of a synthetic wastewater 

that was typical of a New Zealand dairy processing wastewater and compare this 

fraction's rate of utilisation to acetate. 

4 
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• Assess the amount of VF A that could be generated from this wastewater when 

using a prefermentaion step. 

• Determine whether biological phosphorus removal could initially be established 

with an AAO continuous activated sludge reactor without incorporating a 

prefermentation step. 

• Establish biological phosphorus removal with an AAO configuration and a 

prefermentation step and determine the overall amount of phosphorus removal and 

the role of the anoxic zone in the phosphorus removal process. 

• Remove the anoxic zone, while maintaining the same anaerobic zone HRT, and 

determine the impact on overall phosphorus removal, including anaerobic COD 

consumption. 

• Assess the effect of varying the SRT on biological phosphorus removal. 

• Perform batch tests with acetate as the standard substrate for each system that 

achieves biological phosphorus removal and determine COD consumption and 

phosphorus release rates and stoichiometric coefficients. 

• Compare removal rates, uptake rates and stoichiometric coefficients between the 

different reactor operations and the corresponding batch tests. 

5 
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Chapter 2 :  Literature Review 

Growing importance has been assigned to the effects of the nutrients, phosphorus and 

nitrogen on the aquatic environment. The nutrients, phosphorus and nitrogen are 

essential elements in all-living matter and are necessary for the growth of living 

organisms. The discharge of these nutrients to waterways can stimulate a series of 

changes in the ecosystem known as eutrophication. Eutrophication is defined as the 

waterway becoming rich in nutrients with a subsequent acceleration in plant and 

plankton growth, leading to the lowering of dissolved oxygen levels (Figure 2. 1 ). This 

lack of oxygen leads to the death of fish and other living organisms in the water body. 

Eutrophication primarily threatens poorly replenished water bodies such as natural 

lakes, bays and sluggish streams. 

Figure 2.1 : Biological effects of eutrophication (Queens University, 2003) .  

6 
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If the phosphorus input into the aquatic system is large enough, nitrogen becomes the 

limiting factor for plant growth and the growth of blue-green algae and other nitrogen­

fixing bacteria is activated, bringing the system back into balance. Due to this 

phenomenon, the eutrophication control strategies are generally based upon the removal 

of phosphorus in effluent discharges to water bodies. 

Phosphorus in water bodies may originate from either point (eg. domestic and industrial 

wastewaters) or non-point sources (eg. surface run-off from farms using nutrient rich 

fertilisers). Typical phosphorus concentrations in domestic wastewater range from 6 -

20 mg/l, with detergents contributing a significant proportion of the phosphorus. Nearly 

70% of the total phosphorus in domestic wastewater is inorganic (orthophosphates and 

polyphosphates) with the remainder organically bound. Orthophosphates (P04-3,HP04-2, 

H2P04-, and H3P04) are easi ly assimilated by microrganisms, whereas other forms of 

phosphorus (polyphosphates and organic phosphorus) become available to 

microorganisms only after hydrolysis to orthophosphates. The phosphorus fractions in 

industrial wastewaters are largely dependent of the type of industry. Wastewater from 

food processing industries that use large amounts of detergents for cleaning process 

equipment will have higher phosphorus concentrations, than wastewater from industrial 

processes with less rigorous cleaning requirements. 

2.2 Chemical and Biological Phosphorus Removal Options 

2.2.1 Chemical 

Traditionally phosphorus has been removed from wastewater using chemical processes. 

This usually involves the addition of certain chemicals to produce insoluble or low­

solubility salts when combined with phosphate (Metcalf and Eddy, 2003). The principal 

chemicals used for chemical phosphorus removal are calcium salts usually lime (at a pH 

between 8 and 1 1 ), ferric chloride (PH 5.3 ), and aluminium sulphate (Alum) (PH 6.3) .  

The reactions associated with these three chemicals when used for phosphorus removal 

are shown in Table 2. 1 .  

7 
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Table 2.1 :  Precipitation reactions of phosphorus with lime, alum and iron F e  (Ill). 

Chemical 

Lime 

Alum 

Iron Fe 

( I ll) 

Reactions 

1 0Ca+2 + 6P04-3 + 20H- f-)CalO(P04)6(OHh 

Mg +2 + 2 OH- f-) Mg (OHh 

Ca +2 + C03 -2 f-) CaC03 

AI+3 + P04-3 f-) AIP04 

AI+3 + 3 OR f-) AI(OH)
3 

Fe+3 + P04-3 f-) FeP04 

Fe+3 + 3 OR f-) Fe(OH)
3 

C hemical Species in sludge 

CalO (P04)6(OH)
2 

Mg(OHh 

CaC0
3 

AIP04 

AI(OH)
3 

With chemical phosphorus removal it is principally the orthophosphate that is 

precipitated in the reaction, therefore chemical addition after secondary treatment (i .e. 

as a tertiary treatment step) is usually the most effective. This is because polyphosphates 

and organic phosphorus are transformed into orthophosphate during secondary 

treatment. De Hass et al. (2000a), identified that chemical addition may take place at 

one of three stages of waste water treatment, namely:  

• Primary treatment, (addition before primary sedimentation) for which the term pre­

precipitation is used; 

• Secondary treatment (addition before secondary sedimentation) for which the term 

simultaneous precipitation is used; 

• Tertiary treatment (chemical flocculation followed by sedimentation) for which the 

term post-precipitation is used. 

2.2.2 Biological 

Biological phosphate removal from wastewater can be achieved in two ways: as 

stoichiometric coupling to microbial growth or enhanced storage in the biomass as 

polyphosphate (Mino et al. , 1 998). The typical phosphorus content of conventional 

microbial cel ls is 1 to 2 percent on a dry weight basis (Bond and Rees, 1 998). Wasting 

of excess biological solids from a conventional activated sludge process may result in 

1 0% to 30% phosphorus removals. This is of course dependent on the biomass 

8 
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production and solids retention time (SRT). The key to enhanced biological phosphorus 

removal (EBPR) is the activity of certain bacteria that take up phosphorus under aerobic 

or anoxic conditions, accumulating it as polyphosphate within the cell .  The waste sludge 

from activated sludge plants incorporating biological phosphorus removal is typically in 

the range of 3% to 7%. This processes involves design or operational modifications to 

conventional activated sludge systems that result in the growth of a biological 

population that has a much higher cellular phosphorus content. For EBPR activated 

sludge systems treating domestic wastewater, effluent phosphorus concentrations of 1 

mg P/I can be achieved. Chemical phosphorus precipitation within the activated sludge 

system can also occur due to the presence of calcium and magnesium ions in solution at 

a pH of between 7.5 and 8 .5  (de Hass et al., 2000a) 

2.3 Enhanced Biological Phosphorus Removal (EBPR) 

Enhanced Biological Phosphorus Removal (EBPR) is achieved by exposing bacteria in 

the activated sludge process to alternating anaerobic and aerobic conditions. These 

conditions favour the growth of a certain group of organisms called polyphosphate­

accumulating organisms (PAO's), which are able to store more phosphorus than they 

need for growth. The process was first extensively investigated by Levin and Shapiro 

( 1 965) who created the expression "luxury uptake" to describe the excess phosphorus 

storage (as polyphosphate) . The release of phosphorus under anaerobic conditions was 

reported by Shapiro et al. ( 1 967), but the requirement of an anaerobic zone as a 

prerequisite for phosphorus removal was first reported by Barnard ( 1 975, 1 976) and 

Fuhs and Chen ( 1 975). 

The first full-scale plants with biological phosphorus removal were constructed from the 

middle 1 970's to the early 1 980's. The first full-scale plant designed for high-rate 

simultaneous biological nitrogen and phosphorus removal was the Meyerton plant in 

South Africa in 1 974 (Randell et al., 1 992). In New Zealand the operation of full-scale 

biological phosphorus removal plants did not begin until the early 1 990's and is still not 

widespread. The use of chemicals to remove phosphorus is still often favoured in New 

Zealand as it is seen as more reliable and less complex. 

2.3.1 Principles of EBPR 

When exposed to anaerobic conditions PAO's convert organic carbon to intracellular 

organic polymers called poly-� hydroxyalkanoates (PHA). The PHA's comprise poly-�-

9 
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hydroxbuytric acids (PHB) and poly-p-hydroxyvaleric acids (PHV). The energy for 

PHA formation is  generated from the hydrolysis of stored polyphosphate and glycogen. 

The preferred forms of organic carbon are volatile fatty acids (VFA's) .  During 

anaerobic conditions, the hydrolysis of polyphosphate releases orthophosphate into 

solution with a subsequent rise in orthophosphate concentrations. On re-exposure to 

aerobic (or anoxic) conditions the stored PHA is utilised as a source of organic carbon 

and energy for polyphosphate storage resulting in a net uptake of phosphorus (Figure 

2.2). 

;:3' I 

OJJ Anaerobic : El I 
'-" I C I 

.g 
§ 

Aerobic 

Orthophosphate (P04-) C 1.) (.) C o U ,t t,P= net uptake of P 

� ____ �'_. __ ==��====�==�� __ � 
Time 

Figure 2.2 : Profiles of soluble BOD and phosphorus during the EBPR process. 

2.3.2 Biochemical Principles of EBPR 

The biochemical principles of anaerobic PHA synthesis have been described in two 

biochemical models; Wentzel et at. ( 1 99 1 ), described them as the ComeaulWentzel 

model (Comeau et al. , 1 986; Wentzel et al. , 1 986) and the Mino model (Mino et al. , 

1 987). 

In the Comeau/Wentzel model, the biochemical reactions under anaerobic and aerobic 

conditions are shown in Figure 2.3. The ComeauiWentzel model proposed that under 

anaerobic conditions, neutral acetic acid is transported across the cell membrane with a 

decrease of one H+ in the pH gradient with every acetate molecule transported (in 

solution, at a pH > 6.5, more than 99% ofthe acetate is in the ionic form). Acinetobacter 

spp. is used as the organism typifYing the PAO group of organisms. Comeau et al. 

( 1 986), describes the energised state of the cell membrane as the proton motive force 

1 0  
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(pmf) gradient. The intracellular acetate is activated to acetyl-CoA by coupled ATP 

hydrolysis .  Hydrolysis of the A TP releases metal cations M+, (usually K+ or Mg2+) and 

the anion H2PO-4• The phosphate released is co-transported with the cations (M+) out of 

the cell by the action of a pH-sensitive carrier. Polyphosphate is used to generate A TP 

from ADP by transfer of a phosphoryl group from the polyphosphate to the ADP. Two 

molecules of acetyl-CoA condense to form acetoacetyl-CoA, which is then reduced by 

NADH2 to form hydroxylbutyryl-CoA, which is then polymerised to poly-,B­

hydroxybutyrate (PHB). Under aerobic conditions, the accumulated PHB will generate 

energy, by feeding the TCA cycle with acetyl-CoA, the electron transport chain will 

generate the PMF required for ATP formation. The ATP/ADP ratio wil l  increase and 

the formation of polyphosphate from A TP will take place. Wentzel et al., ( 1 986) 

modified this model by describing how the ATP/ADP and NADHINAD ratios control 

polyphosphate and PHB synthesis. The NADHINAD ratio rises under anaerobic 

conditions because of a shortage of electron acceptors, and the repression of 

polyphosphate degradation leads to a decrease in ATP/ADP. This leads to an increased 

amount of acetyl-CoA, which controls the TCA cycle and stimulates PHB synthesis and 

decreases the NADHINAD ratio and ensures that acetyl-CoA is shared between the two 

pathways. 

In the Mino model (Mino et al. , 1 987), the reducing power is  derived from the 

degradation of intracellularly stored glycogen (to pyruvate then to NADH), as compared 

to the Comeau-Wentzel model were partial oxidation of acetyl-CoA through the TCA 

cycle produces the reducing power. The Mino model proposes that NADH as well as 

A TP is generated from the anaerobic metabolism of stored intracellular carbohydrate 

such as glycogen (Figure 2.4). Experimental data supports the Mino model, as levels of 

cell glycogen seem to fall  in the anaerobic period, and are regenerated under aerobic 

conditions. 

1 1  
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Figure 2.3 : Schematic diagrams for the behaviour proposed by the ComeaulWentzel 

model under anaerobic (a) and aerobic (b) conditions. 
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Figure 2.4 :  Schematic diagrams of the biochemical mechanisms proposed by the Mino 

model under anaerobic (a) and aerobic (b) conditions. 

The Comeau-Wentzel and Mino models were reviewed by Mino et al. ( 1 998), in which 

research was summarised that strongly supported the M ino model. It was concluded that 

although the experimental evidence favoured the Mino model, the partial functioning of 

the TCA cycle could not be totally excluded. A study by Pereira et al. ( 1 996), with 

P AO-enriched sludge under anaerobic conditions using I 3CNMR showed that a small 
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amount of the carbon in  acetate was released as CO2 supporting the partial functioning 

of the TCA cycle. 

2.3.3 Microbiology of EBPR 

The identification and isolation of the microorganisms involved in the EBPR process 

has been the centre of a significant amount of research. Phosphorus Accumulating 

Organisms (PAO's) were initially thought to be comprised principally of Acinetobacter 

spp. (Fuhs & Chen, 1 975), and the early biochemical models were based on accepting 

Acinetobacter spp. to be the typifying P AO organism group (Wentzel et al. , 1 986; 

Wentzel et al. , 1 99 1 ) . It is now accepted that Acinetobacter spp. is not primarily 

responsible for EBPR (Mino et al. , 1 998) . Microbiological research has shown that 

Acinetobacter spp. comprise less than 1 0% of the bacteria responsible for EBPR (Cloete 

and Steyn, 1 987;  Hiraishi et al. , 1 989; Wagner et al. , 1 994; Bond et aI. , 1 995;  Kampfer 

et al. , 1 996). I t  appears that the initial predominance of Acinetobacter spp. in EBPR 

sludges can be attributed to the culture dependent methods used, as only bacteria that 

are culturable on artificial media can be identified and isolated (Mino et al. , 1 998). 

It now appears that there is no single dominant group of microorganisms responsible for 

EBPR activity. Research using gene probes (Wagner et al. ,  1 994; Bond et al. , 1 995;  

Kampfer et aI. , 1 996), denaturing gel gradient electrophoresis (DGGE) (Brdjanovic et 

al. , 1 997), and restriction fragment length polymorphism (RFLP) (Liu et al. , 1 997) 

indicates that there are at least three dominant groups. In a review of EBPR 

microbiology (Mino et al. , 1 998) suggests that PAO's consist of several different 

bacterial groups and can change from time to time and place to place. 

2.3.4 Substrate Influences on EBPR 

The characteristics of the available wastewater organic substrates are an influential 

determinant in effective phosphorus removal. The beneficial effect of maximising 

readily biodegradable COD (RBCOD), particularly short-chain VFA's in the influent to 

the anaerobic stage of EBPR processes has been recognised for sometime (Bamard, 

1 984; Nicholls et al. , 1 979; Wentzel et al. , 1 985).  Sometimes these VFA's  may be 

present in the wastewater or may be created in a previous and separate fermentation 

stage (Cafiizares, et al. , 1 999) . It is also generally accepted that VF A generation can 

occur in the anaerobic zone of many EBPR systems due to fermentation of readily 
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biodegradable substrate (Bamard, 1 992). In most experimental studies of EBPR 

processes acetate (or acetic acid) has been added to stimulate EBPR, and in some cases 

used in comparative studies with reactors were unfermented domestic wastewater has 

been added (Tasli, et al. , 1 999). Studies have also been performed to determine the most 

favourable VFA's for EBPR (Gerber et al. , 1 986; Randall and Khouri, 1 998). 

Gerber et al. ( 1 986), tested the response of sludge from full-scale EBPR plants treating 

wastewater in South Africa to various organic substrates. The study showed that for 

sludge from seven different plants, fonnic, acetic, propionic, butyric, lactic and succinic 

acids induced effective phosphorus release. Acetic and propionic acids were utilised the 

most rapidly and resulted in the most rapid phosphorus release rates. Citric acid, 

glucose, ethanol, methanol, 2,3 butanediol and settled sewage resulted in much lower 

rates of phosphorus release. 

The release of phosphorus and the concurrent storage of PHB and PHV were quantified 

in the presence of different simple carbon substrates by Comeau et al. ( 1 987). This was 

performed using a series of batch tests, with a 3 . 5  hour anaerobic phase after carbon 

addition followed by a 3 .5  hour aerobic phase, using sludge from a pilot plant treating 

domestic wastewater. The various ratios of P release, P uptake and PHA storage 

polymers (PHB, PHV) from Comeau et al. ( 1 987), are summarised in Table 2.2 for a set 

of experiments. In this study by Comeau et al. , ( 1 987), acetic and propionic acids had 

uptake rates of 50 mg COD/LIh compared to mixtures of these two SCVFA's with 

uptake rates of 80 mg COD/LIh. Lactic, butyric and valeric acids had uptake rates of 7.0 

to 3.5 mg COD/LIh, while fermented sewage had an uptake rate of 40 mg COD/Llh . It 

was suggested that acetic and propionic acids were stored directly as PHA whereas the 

larger molecular weight SCVFA's had to be metabolised by other fermentative bacteria 

first. Substrates with an even number of carbons (acetate, butyric) favour the storage of 

PHB while substrates with an odd number of carbons (propionic, l actic, valeric acids) 

favour the storage of PH V (Table 2.2). 

Abu-ghararah and Randall ( 1 990) investigated the effect of varying organic compounds 

on a continuous EBPR reactor operating as a UCT process with an SRT of 1 3  days. 

Seven different SCVF A' s were tested (formic acid, acetic acid, propionic acid, butyric 
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Table 2.2: Summary of molar ratios during anaerobic and aerobic periods for various 

organic substrates (from Comeau et al. , 1 987). 

ANAEROBIC PHASE :AEROBIC PHASE 

Substrate PHBI P released" PHAstore&' 
) Puptakd 

Puptakd 
P release&'P HAstored 

Added PHA mbstrateconsumed Substrateconsumed PHAconsumed 
mole/mole ) Preleased % Mole/mole % mole/mole 

Control (36) (7.7) 46 2.0 

Acetic acid 77 2 .5  1 .5 1 25 1 0 1  2 .7  

Acetic & propionic 
45 2 .5  1 .5 1 25 1 0 1  2 .7  

acid (2A + 1 P) 

Acetic & propionic 
1 5  2 .9 1 .7 1 1 1  1 0 1  3 . 1  

acid ( l A  + 2P) 

Propionic acid 1 6.9 2. 1 5 1  1 0 1  6.0 

Fonnic acid 6 3 .6 0.2 30 55 2 . 1 

Butyric acid 52 5 .8  3 .7  7 1  1 0 1  5 . 3  

Valeric acid 0 1 . 8 3 . 1  1 76 1 02 2 .4 

Lactic acid 1 5  3 . 5  1 .9 88 1 00 3 .6 

Fennented primary 
26 2.4 0.9 75 89 2 .4 

sludge 

acid, isobutyric acid, valeric acid and isovaleric acid) by their separate addition to the 

reactor influent (at a concentration of 1 00 mg COD/L) and the performance of the 

reactor measured. All the VF A ' s  except formic acid were removed from the anaerobic 

stage (actual HRT = 2 . 1  hours). The branched chain VFA' s  (isobutyric and isovaleric 

acid) had greater phosphorus release and uptake than the straight chain fonns of the 

same acids. The phosphorus released per mole of VF A consumed increased as the 

molecular weight of the VF A increased, except for acetic acid. If the release rate was 

recalculated as mg P released per mg COD substrate consumed (Table 2.3) then the 

greatest amount of phosphorus release was produced by acetic acid, with the higher 

acids phosphorus release increasing with an increase in molecular weight. To remove 1 

mg of phosphorus from the influent, 1 8 .8 COD mg of acetic acid was consumed; 

compared to 94 mg COD/mg P removed for valeric acid (Table 2.3).  The authors 

calculated that the Comeau-Wentzel biochemical model did not accurately predict these 

phosphorus release and uptake rates. 
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Table 2.3: Ratios of phosphorus released and VFA consumed under anaerobic 

conditions (from Abu-ghararah and Randall, 1 990). 

Anaerobic Overall 

Organic substrate moles P released/ mg P realeased/ mg COD consumed/ 

moles VF Aconsumed mg CODconsumed mg Premoved 

Acetic acid 0.77 0.37 1 8 .8 

Propionic acid 0.44 0. 1 2  3 1 . 5 

Butyric acid 0.78 0. 1 5  39.0 

Isobutyric acid 0.80 0. 1 6  36. 1 

Valeric acid 1 .72 0 . 1 9  94.0 

Isovaleric acid 2.3 1 0.25 23.5 

An SBR study using synthetic wastewater (Randall et al. , 1 994) at an SRT of 6 days, 

showed that C l -CS SCVFA's except propionic acid promoted phosphorus removal, and 

again branched chain S CVFA's were superior to their straight chain isomers. Glucose 

and propionic acid were detrimental to the EBPR process. An SBR feed starch as the 

sole carbon source displayed only marginal EBPR with a sludge phosphorus content of 

3 .7  % as opposed to the SBR sludge fed with the fermentation products (SCVFA's) of 

glucose that had a sludge phosphorus content of 6.7%. The short-term addition of 

alcohols (C l -CS) did not improve or decrease the amount of phosphorus removal. 

2.3.5 Influence of Substrates on the Microbial Population. 

Bacteria other than P AO'  s have been reported to successfully compete for substrate 

under anaerobic conditions and in some instances result in the failure of the EBPR 

process (Fukase et aI. , 1 985;  Cech and Hartman, 1 990, 1 993; Cech et al., 1 993; Satoh et 

aI. , 1 994; Bond et al. , 1 998). Cech and Hartman ( 1 990) operated two SBR's under 

identical conditions, except that one reactor was fed acetate as the sole carbon source 

and the other was fed an acetate-glucose mixture. Both SBR's were started with the 

same EBPR capable sludge. The phosphorus removing ability of the acetate-glucose 

mixture fed reactor deteriorated to a stage were minimal phosphorus removal was 

observed, whereas the acetate only fed reactor increased in EBPR capability to a stage 

were the phosphorus content of the sludge was 8.4% (w/w). Both reactors displayed 

substrate removal during the anaerobic phase. The authors called this deterioration in 
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EBPR 'glucose induced breakdown' of the EBPR process. They noticed that the 

bacteria in the acetate-glucose fed reactor were large gram-negative spherical bacteria 

(�2 !lm) and occurred in tetrads. The bacteria in the acetate only fed reactor were by 

comparison relatively small gram-negative bacterial rods. Cech and H artman ( 1 993), 

named these anaerobic substrate accumulating non-P AO organisms "G-bacteria". Satoh 

et al. ( 1 992), proposed that some bacteria might be able to obtain the energy required 

for substrate uptake under anaerobic conditions by the consumption of intracellular 

carbohydrates rather than by polyphosphate hydrolysis. Satoh et al. ( 1 994), used acetate 

and propionate as the substrate source. The metabolic model for energy supply without 

polyphosphate utilisation was proposed by Satoh et al. ( 1 992 and 1 994). In this model 

glycogen is the sole energy source under anaerobic conditions resulting in the 

accumulation of PHA. 

Satoh et al. ( 1 994), summarised possible influences for the deterioration of the EBPR 

systems as fol lows: 

(a) Polyphosphate is chemically more unstable than glycogen. If the storage period 

(anaerobic period) of the reserve material (PHA) is long, glycogen may be preferred 

to polyphosphate by microorganisms because of the stability. Relatively long HRT's 

or SRT's may induce the competitive growth of non-PAO's. 

(b) Changing influent organic carbon concentrations may induce the accumulation of 

non-P AO organisms. That is, occasional organic carbon starvation may induce the 

accumulation of glycogen if surplus carbon then exists in the system. 

( c) If the wastewater is lacking in amino acids or proteins, the growth of P AO bacteria 

may be retarded and permit the successful competition of non-PAO's. This is 

explained in that the microorganisms would have to produce amino acids from 

inorganic nitrogen and carboxylic acids derived from the TCA cycle. The 

carboxylics for the TCA cycle then needs to be supplemented, and are possibly 

supplied from the stored PHA. When the P HA is consumed, the microorganisms 

have to use glycogen as the raw material. 
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(d) If the wastewater contains saccharides (eg. glucose) non-P AO' s may be preferred. It 

has been shown that glucose can be taken up and accumulated as PHA in the same 

way as glycogen is converted to PHA in non-P AO's.  

These non-PAO organisms were named glycogen-accumulating bacteria (GAB) by Liu 

et al. ( 1 996 and 1 997), but are known as GAO's (glycogen accumulating organism's) to 

be consistent with the PAO acronym. Liu et al. ( 1 996), suppressed the growth of P AO's  

by feeding a low phosphorus/carbon ratio (211 00 wt/wt) with the subsequent growth of 

GAO's  evidenced by the uptake of substrate and production of PHA under anaerobic 

conditions. Liu et al. ( 1 997), also found that the P AO cells were generally rod or oval 

shaped, whereas GAO cells usually occurred in pairs or tetrads. Liu et al. ( 1 997), 

proposed that dominance of PAO's over GAO's may be achieved by: (a) increasing the 

PlC feed ratio (high polyP energy pool); (b) increasing the number of anaerobic-aerobic 

cycles per day (low substrate/ biomass ratio or (c) increasing the sludge biomass or 

HRT (low substratelbiomass ratio). 

2.4 Biological Phosphorus Removal Systems 

Activated sludge is at present one of the most widely used biological treatment 

processes for both domestic and industrial wastewaters. The activated sludge process 

refers to a continuous or semi-continuous aerobic method for biological wastewater 

treatment. The process relies on a dense microbial population being mixed in 

suspension with the wastewater under aerobic conditions. Under appropriate conditions, 

a high rate of microbial growth and respiration is achieved. Activated sludge treatment 

removes from the wastewater the biodegradable organics as well as the unsettleable 

suspended solids and other constituents, which can be absorbed or entrapped by the 

activated sludge floc. With the addition of unaerated zones/reactors and extra recycle 

streams to the basic activated sludge process, nitrogen and phosphorus removal can also 

be accomplished. 

The common feature in all EBPR systems is the inclusion of an anaerobic zone. Typical 

retention times in the anaerobic range from 1 to 3 hours (Cloete and Muyima, 1 997). 

Systems may be classified as those just removing carbon and phosphorus and those 
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removmg carbon, phosphorus and nitrogen. Most systems are a combination of 

phosphorus and nitrogen removal processes, comprising multiple reactors/zones. 

2.4. 1 EBPR Systems without Nitrogen Removal 

When nitrification is not required, a staged anaerobicloxic (Aa) system as shown in 

Figure 2.5 is suitable. To avoid adverse affects of nitrification on phosphorus removal 

(the intrusion of nitrate into the anaerobic zone), a solids retention time (SRT) below the 

minimum SRT required for nitrification is usually selected. The size of the anaerobic 

zone will be dependent on the wastewater characteristics. For a high COD/P ratio or a 

wastewater with a high fraction of readily biodegradable COD, a smaller anaerobic zone 

can be employed. One potential disadvantage with this system is that unintended 

nitrification may occur during warmer summer months. 

Anaerobic 
reactor 

Aerobic 
reactor 

Recycle activated sludge 

Figure 2.5: EBPR system without nitrogen removal (AO) 

An alternative method to avoid the potential intrusion of nitrates into the anaerobic zone 

is to provide a preanoxic reactor (placed before anaerobic zone), whereby recycled 

nitrates are reduced by endogenous respiration. The recycle activated sludge stream 

would enter the preanoxic zone and the influent wastewater directly enters the anaerobic 

reactor. 

2.4.2 EBPR with Nitrogen Removal 

This necessitates employing longer SRT's to maximise nitrification. The Aa process 

shown in Figure 2.5 can be modified to incorporate an anoxic stage between the 

anaerobic and aerobic stages and is called the AAa (A 2/0) process (Figure 2.6). The 
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AAO process is suitable for less stringent nitrogen removal requirements. For 

wastewater with a higher COD/TKN ratio, to achieve almost complete denitrification a 

secondary anoxic zone is required (Figure 2 .7) (Metca1f and Eddy, 2003) .  

Anaerobic Anoxic 
reactor reactor 

Aerobic  
reactor 

Recycle activated sludge 

Figure 2.6: AAO system or 3 -stage modified Bardenpho. 

The 5-stage Bardenpho system is essentially the addition of an anaerobic zone to the 4-

stage Bardenpho system used for nitrogen removal . I f  effluent nitrate levels are kept to a 

minimum, the removal of phosphorus and nitrate will  be maximised. 

Anaerobic Anoxic 
reactor reactor 

Aerobic 
reactor 

Anoxic 
reactor 

Recycle activated sludge 

Aerobic 
reactor 

Figure 2.7: Modified (5-stage) Bardenpho, Phoredox. 

A variation on the EBPR systems already discussed is the recycling of the return 

activated sludge to the first anoxic zone instead of the anaerobic zone. The mixed liquor 

from the anoxic zone is then recycled to the anaerobic zone; this system is called the 

UCT process (Figure 2 . 8) (Metca1f and Eddy, 2003). The basis for this change is that 
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biological phosphorus removal can be negatively affected by the presence of nitrate in 

the return sludge stream. For wastewater with a relatively high low BOD/TKN ratio, the 

nitrate concentration in the return sludge may utilise a high proportion of  the wastewater 

soluble BOD and result in a decrease in phosphorus removal. The mixed liquor from the 

aerobic zone to the anoxic zone can be controlled so the denitrification potential of the 

anoxic zone is not exceeded; thereby assuring minimal nitrate is recycled to the 

anaerobic zone. 

Anaerobic Anoxic 
reactor reactor 

Figure 2.8: UCT Process 

Aerobic 
reactor 

Recycle activated sludge 

A modified version of the UCT process is shown in Figure 2.9. The first anoxic zone is 

designed to reduce only the nitrate in the return activated sludge while the second 

anoxic zone is designed for higher quantities of nitrate removal. 

---�Anaerobic Anoxic Anoxic 
reactor reactor reactor 

Aerobic 
reactor 

Recycle activated sludge 

Figure 2.9: Modified UCT 
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The Sequencing Batch Reactor (SBR) can be readily converted to achieve EBPR by the 

inclusion of an anaerobic phase at the beginning of the cycle (Figure 2. 1 0) .  Altering the 

duration of the different phases i f  required can readily optimise the nutrient removal 

performance of an SBR (Metcalf and Eddy, 2003) 

Fill 1 stAnaerobic 1 st Aerobic 2nd Anoxic 2nd Aerobic Settle Decant S ludge 
SBR mix Stage mix Stage SBR 

waste 

Figure 2 .10 :  SBR sequencing for biological phosphorus removal 

2.4.3 Factors affecting EBPR System Performance 

Factors affecting EBPR activity relate to wastewater characteristics, system design and 

operational methods. There are environmental factors such as dissolved oxygen, 

temperature and pH; and design parameters such as SRT and anaerobic zone retention 

time (Metcalf and Eddy, 2003). Wastewater characteristics like substrate availability 

and the presence of nitrates also affect phosphorus removal . The overall performance of 

the process is also affected by the effluent total suspended solids concentration (TSS). 

For example assuming a 4% phosphorus concentration of the mixed liquor (reactor 

biomass solids), then TSS concentrations of 20 mg/L would contribute an effluent 

particulate phosphorus concentration of 0.8 mg P/L. 

Experience with the operation of full-scale biological removal systems treating domestic 

wastewater shows that effluent total phosphorus concentrations of less than 1 mglL are 

not always achieved. This can often be due to insufficient soluble BOD being present in 

the form of fermentation products such as acetic acid. The addition of a fermentation 

reactor to generate fermentation products can also help improve the phosphorus removal 

capacity of the system (Bamard, 1 992). 

2.5 Dairy Processing Wastewater 

Dairy processing plants produce a variety of products including milk, cheese, butter, 

milk powder, whey, protein powder, lactose, ice cream, yoghurt, and numerous 

specialised nutritional and baking products. The characteristics of dairy processing 

wastewaters vary between processing sites depending on the products manufactured, 
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waste minimisation practices and the cleaning methods used. The contributing sources 

to dairy processing effluents are principally (Marth and Steele, 2001 ) :  

1 .  Spills and leaks of milk, products and by-products 

2.  Residual milk and milk products in piping and equipment before cleaning 

3 .  Wash solutions from equipment and floors 

4. Condensate from evaporation processes 

The majority of both the wastewater load and volume is generated during tanker and 

truck cleaning at milk reception facilities and during cleaning of piping and processing 

equipment after production runs. The next significant source is spills of milks, products 

and by-products during receiving, processing (including leakage from pipes and 

pumps), packaging and during equipment malfunctions. Significant wastewater volume 

may also be generated from evaporation condensate and cooling water discharges 

(Papagiannis, 1 996). 

2.5.1 Characteristics of Dairy Processing Wastewaters 

The majority of waste components in dairy processing wastewaters are orgamc III 

nature, consisting mainly (�95%) of diluted milk and milk products. The BOOs of 

whole milk is about 1 00,000 mg/L with the contributions of milkfat being 1 7.8%, milk 

protein 43 .3% and lactose 3 9% of the total BOOs of whole milk. Approximately 1 kg of 

BOO in dairy processing wastewater represents 9 kg of whole milk (Marth and Steele, 

2001 ) . The chemical characterisation of milk as summarised by Oanalewich et al. 

( 1 998), is shown in Table 2.4. 

Due to distinct production and cleaning cycles during milk processing, wastewater from 

dairy processing plants is characterised by a large variabi lity in organic and hydraulic 

loads. This hourly and daily variability is also accentuated over a production season due 

to the large milk volume received during the spring flush decreasing as the season 

progresses. This variability makes it difficult to provide a typical chemical 

characterisation for dairy processing wastewater. To conduct a successful and stable 

laboratory study of wastewater treatment efficiencies, and to determine both kinetic and 

24 



Chapter 2: Literature Review 

stoichiometric constants, a wastewater with relatively constant characteristics is  

required. To provide these desired constant chemical characteristics a synthetic dairy­

processing wastewater can be used. As dairy processing wastewaters are mainly 

composed of diluted milk and milk products the components required for a synthetic 

wastewater are readily available. The chemical characteristics of various dairy 

processing wasters from different studies in the 1 990's are summarised in Table 2.5 in 

order to provide a basis for an appropriate synthetic wastewater composition. These 

characteristics represent both New Zealand and international studies and it should be 

noted that the type of processes and waste minimisation practices would vary between 

countries. The values shown in Table 2.5 for the Upper Midwest, USA (Danalewich et 

al. , 1 998) are the average and the range of values from 1 5  dairy processing sites in that 

region while all other values shown relate to specific dairy processing plants. 

Table 2.4: Chemical characterisation of whole milk (from Danalewich et al. , 1 998). 

Parameter 

pH 

BODs 

COD 

Alkalinity (as CaC03) 

Total Nitrogen 

Total Phosphorus 

Total Solids 

Total Volatile Solids 

Chloride 

Potassium 

Sodium 

Calcium 

Magnesium 

Whole milk concentration (mg/L) 

25 

7 .0 

1 02,500 

1 50,000 

200 

7,200 

1 ,000 

1 25,000 

1 1 7,000 

1 ,000 

1 ,500 

400 

1 ,200 

500 
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The organic content of dairy processing wastewater varies widely between sites with an 

average value from Table 2 .5  of about 3300 mg COD/L. In New Zealand the COD of 

dairy processing wastewaters at sites with good waste minimisation procedures is 

generally less than 4000 mg COD/L and averages about 2000 mg COD/L (Leonard, 

1 996; Rule, 1 997), but this is very dependent on the products manufactured. Nationally 

the average total COD of New Zealand dairy processing wastewaters is most likely near 

the average value from Table 2.5 of over 3000 mglL. The suspended solids 

concentration in dairy processing wastewaters will be very dependent on the type of 

pretreatment used and are essentially completely biodegradable (Leonard, 1 996). In 

New Zealand, the TSS concentration of dairy processing wastewaters is  generally less 

than 500 mglL (Rule, 1 997; Dick, 1 998). 

The use of cleaners and sanitizers such as nitric acid, phosphoric acid and caustic soda 

has a strong influence on the pH of dairy processing discharges. The pH of dairy 

processing wastewater mainly ranges from near neutral to strongly alkaline (Table 2 .5) 

depending on the sampling protocol and the use of flow balancing tanks. Flow 

balancing tanks with retention times of greater than several hours may induce some 

fermentation of the wastewater resulting in pH values in the order of 5 to 6.5 (Comeau 

et aI. , 1 996; 10vcic, 1 998). 

Due to the importance of nitrogen and phosphorus in nutrient removal system, these 

compounds are considered separately in the following sections. 

2. 5. 1 . 1 Nitrogen 

The amount of nitrogen may impact on EBP R  systems due to the intrusion of oxidised 

nitrogen (nitrate and nitrite) into the anaerobic zone/phase and its use as an electron 

acceptor under unaerated conditions. The occurrence of nitrification and the subsequent 

presence of nitrate or nitrite will determine whether a combined nitrogenlEBPR system 

is used or not. In dairy processing wastewater, organic nitrogen from milk proteins 

comprises the bulk of the nitrogen. Dick ( 1 998), reported that over a six week period of 

wastewater sampling and analysis, 93% of the TKN was due to organic nitrogen with 

only 7% in the form of ammonia. In this same study, oxidised nitrogen concentrations 

averaged only 2 .7  mg N/L. The occurrence of high nitrate concentrations in some 

wastewaters (Comeau et al., 1 996; Danalewich et al., 1 998) is related to the use of nitric 

acid during process equipment cleaning. 
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Location 
(Source) 

Waitoa, New 
Zealand (Rule, 
1 997) 

Hautapu, New 
Zealand (Dick, 
1 998) 

Quebec, Canada 
(Comeau et aI. , 
1 996) 

Batatais, Brazil 
(Filho et at. , 
1 996) 

Turkey 
(Orhon et al. , 
1 993) 

California, USA 

- - ----- ------------------

Products Volume BaDs COD TS 
(m3/d) (nmg/L) (mg/L) (mg/L) 

Milk powder, 
cheese, nutritional 

7760 1 665 2340 363 
products 

(max 2300) (max 3600) 

Cheese, Casein, 5050-8 1 1 0 5485 
Lactose, Whey (4 1 30-8570) 

protein concentrate 

Cheese, Cheese 9 1 8  
Whey 

1 755 2808 

Pasturised milk, 
cheese, butter, milk 

48000 
63 1 8  ( 1 2 1 0-

paste. ( 1 548-7668) 346 1 )  
Pasturised milk, 
yoghurt, butter, 
cheese and ice 600 950 

cream 

1 390 2 1 20 

TSS TP TKN 
(mg/L) (mg/L) (mg/L) 

1 25 60 

3 89 96 1 1 4 
(40-

(89- 1 00) (82-2 1 3) 
955) 

9 1  63 

(299-
(5-32) (76- 1 8 1 )  

1 970) 

7.4 60 
(soluble P) 

32 33 
(Goronszy, 1 990) 

Fluid Milk 

Germany 
(Kolarski and 644- 1 8 1 7  (680-4500) (980- 1 7500) 300 ( 1 8- 1 62) 
Nyhuis, 1 995) 

Upper Midwest, 
Primarily cheese 835 1 856 2855 4545 7 1  9 1  USA ( 1 83 7-products ( 1 70-208 1 )  (565-5722) (785-76 19) (29- 1 8 1  ) ( 14- 1 40) (Danalewich et 1 4205) al 1228) 

Table 2.5: Chemical characteristics of dairy processing wastewaters. 
Average values of parameters are given along with either the range of values or 
maximum value shown in brackets ( ) . 

TN N03-N 
(mg/L) (mg/L) pH 

4 
(max 1 1 .8)  

(max 6) 

1 1 7 2.7 5 .5 
(85-2 1 4) ( 1 .4-4.2) (3 .8- 1 1 .4) 

24 1 1 .9 

8.6 
(5.8- 1 2.3) 

6.9 

(") 
(50-380) (20-350) 

l 
et ..., 
IV 

2 1  8.4 c: .... � 
( 1 -80) (6.2- 1 1 .3 )  ..., po s= ..., � 

:::c � <: 
G' 
� 
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As nitrogen is a constituent of microbial cells, there is a minimal requirement for 

nitrogen during biological wastewater treatment. The empirical nitrogen content of 

microbial cells is  approximately 1 2.5% (on a dry basis), meaning any net growth of 

biomass will cause some nitrogen removal by assimilation (Metcalf and Eddy, 2003). 

Two studies with both conventional and biological nutrient removal activated sludge 

systems have shown that the biomass nitrogen content averaged 9 .8% (McClintock et 

al., 1 993) and 9.7% (Suwa et al. , 1 992), lower than the empirical value. The amount of 

nitrogen required for balanced metabolic functioning is related to the wastewater BOO 

concentration, with a BODIN ratio of 2511 typically used in design (Eckenfelder, 1 989). 

Ammonia is the most readily available form of nitrogen for growth while other nitrogen 

compounds must first be converted to ammonia. N itrogen deficient conditions will 

stimulate the growth filamentous organisms resulting in sludge bulking. For a typical 

wastewater COD of 3000 mg/L and a BOO/COD ratio for dairy processing wastewater 

of 0.6 to 0.7 (Table 2 .6), then approximately 72 to 84 mg N/L is required for stable 

biological treatment assuming a BOOIN ratio of 25.  I f  a cellular nitrogen content of 9.8 

% is used instead of 1 2. 5%, then this decreases the metabolic nitrogen required for a 

typical dairy processing wastewater (COD "" 3000 mglL) to a range of 56 to 66 mg N/L. 

Excess nitrogen beyond that required for growth will result in nitrate production 

(nitrification) with the possibility of nitrate intrusion into the anaerobic zone/phase. The 

chemical characteristics l isted in Table 2.5 indicate that the Californian wastewater 

(Goronszy, 1 990) had potential nitrogen limiting conditions. At this site a full-scale 

SBR was operated for biological wastewater treatment and filamentous bulking was 

observed which was attributed to occasional deficiencies in nitrogen. The COD/TKN 

ratio's in Table 2.5 range from 1 6  (Orhon et al., 1 993) to 64 (Goronszy, 1 990) . If these 

two extremes are not considered then the average CODIN ratio is 42 for these dairy­

processing wastewaters. 

2. 5. 1 .2 Phosphorus 

The phosphorus content of New Zealand dairy processing wastewaters can range from 

1 2  mg P/L to over 1 00 mg P/L depending on the process, product and cleaning 

procedures used (Bamett et al. , 1 994; Rule, 1 997; Dick, 1 998). Internationally the 

phosphorus content of dairy processing effluents has occasionally been reported at over 

200 mg P/L (Danalewich et aI. , 1 998). A significant amount of the phosphorus 

originates from wasted detergents and cleaners, which may contain significant amounts 
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of phosphorus (Danalewich et ai. ,  1 998;  Papagiannis, 1 996; Rule, 1 997; Dick, 1 998), 

while one percent of milk in a wastewater produces about 1 2  mg P/L (Goronszy, 1 990). 

An important component in alkaline cleaners is polyphosphates which are used for 

emulsification, dispersion, and protein peptising while phosphoric acid is also 

frequently used as an acid cleaner to clean high temperature equipment (Danalewich et 

al., 1 998). 

There is not much information available in published literature on the sources of and 

relative quantities of phosphorus in dairy processing wastewaters. Danalewich et al. 

( 1 998), however identified in their analysis of composite samples from 1 5  dairy 

processing plants that orthophosphate (P04-2) concentrations in these samples only 

averaged 27% of the total phosphorus, with the remaining phosphorus in the organic 

and polyphosphate form. This indicated that the majority of the phosphorus in these 

wastewaters from the American Midwest originated from milk, alkaline cleaners and 

emulsifiers. This is in contrast to the analysis by Rule ( 1 997), of a New Zealand dairy 

processing wastewater where an average of 90% of the total phosphorus was present as 

orthophosphate indicating high phosphoric acid use. 

Successful EBPR treatment resulting in effluent phosphorus levels of less than 1 mg P/L 

requires a BOD/TP ratio greater than 20 (Randall et ai, 1 992). In Table 2 .5  these ratios 

range from 1 1  to 43 (where BOD value are provided) indicating that for some 

wastewaters complete phosphorus removal using EBPR systems will potentially be 

achievable, whereas for others it is likely that chemical phosphorus removal will also be 

required. If as mentioned previously the COD for a typical dairy processing wastewater 

is about 3000 mg COD/L, and the BOD/COD ratio ranges from 0.6 to 0.7, then about 

90 mg P/L might potentially be removed using the EBPR process. This is however a 

very simplistic approach. The actual potential for phosphorus removal however contains 

more complexities such as the type of organic substrate, nitrogen concentration and the 

biological community present in the reactor. 

2.5.2 Synthetic Dairy Processing Wastewater 

To successfully research the degree of EBPR possible from dairy processing wastewater 

and the mechanisms involved, a wastewater with constant properties i s  required. 
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Papagiannis ( 1 996), summarised the recipes and resulting characteristics of some 

synthetic dairy wastewaters used in previous studies as a basis for creating a synthetic 

wastewater for a nutrient removal study. Previous studies had principally used diluted 

low fat and whole milk and been concerned only in the total COD rather than other 

constituents. One synthetic wastewater used a more complex combination of dry non-fat 

milk, dried sweet whey, salted butter and water. Papagiannis's own study used cottage 

cheese and evaporated milk to add the milk derived components and acetic acid as a 

VF A source. Extra phosphorus, nitrate, chloride, magnesium and calcium were added 

separately in the form of various chemicals. Cottage cheese was later removed from the 

synthetic wastewater in the study and the proportion of evaporated milk increased due 

to the high influent suspended solids interfering with the reactor operation. 

New Zealand based studies by Leonard ( 1 996), and Donkin and Russell ( 1 997) have 

used synthetic wastewaters that have tried to mimic a wastewater typical of a 

butter/milkpowder processing plant. This is because butter and milkpowder are 

commonly produced at New Zealand dairy processing plants. The composition of the 

synthetic wastewater used by Leonard ( 1 996), (Table 2.6) comprised the readily 

available milk products of skim milk powder, whole milk powder and full cream salted 

butter. The pH was increased to 1 1 .0 using NaOH, a pH typical of wastewater 

discharged during cleaning (Leonard, 1 996). 

2.6 Biological Phosphorus Removal From Dairy Processing Wastewater 

The removal of organic matter from dairy processing wastewater by biological 

treatment is well established with the current use of both anaerobic and aerobic 

treatment systems in the New Zealand dairy processing industry. The use of biological 

nutrient removal systems in the dairy processing industry is less common. Some 

research has been conducted on aerobic  treatment of dairy processing wastewater with 

systems containing un aerated selectors, in order to prevent bulking and explore the 

possibility of nutrient removal (Donkin et al. , 1 995; Leonard, 1 996; Donkin and 

Russell, 1 997) .  Other research has used SBR' s with anaerobic/anoxic phases to treat 

dairy processing wastewater and remove nitrogen and phosphorus (Goronszy, 1 990; 

Kolarski and Nyhuis, 1 995;  Comeau et al., 1 996; Papagiannis, 1 996; Dick, 1 998). 
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Table 2.6: Synthetic wastewater composition and characteristics as used by Leonard 
( 1 996). 

Ingredient or Characteristic Concentration (mg/L) 

Whole milk powder 650 

Skim milk powder 700 

Butter 1 50 

Total COD 2200 

Soluble COD 1 650 

Total P 1 4  

Total N 89 

TSS 1 50 

Donkin and Russell ( 1 997), used a laboratory scale continuous reactor fed synthetic 

dairy processing wastewater with an AAO configuration to alleviate sludge bulking and 

encourage nutrient removal. The system had an overall hydraulic retention time (HRT) 

of 7 days and a solids retention time (SRT) of 20 days, the anaerobic selector had an 

HRT of 1 hour and the anoxic selector an HRT of 0.75 hours. Based on an influent TKN 

and TP of 49 mg NIL and 1 0.4 mg P IL respectively 68% of the nitrogen was removed 

and 63 % of the phosphorus (based on effluent soluble P) was removed. This amounted 

to 6.6mg P/L of phosphorus removal from a wastewater with a COD of 2050 mg 

COD/L, not representative of good EBPR. Lack of EBPR was partially due to an 

effluent oxidised nitrogen concentration of 1 1  to 1 4  mg NIL. Leonard ( 1 996), used 

un aerated selectors to prevent bulking in a laboratory scale continuous activated sludge 

system (HRT= 1 day, SRT = 1 0  days). The size of the selectors was varied during the 

trial with the selector HRT ranging between 33 and I I I  minutes. The phosphorus 

content of the biomass ranged from 1 .5 to 2 .6  % g PI g VSS  indicating minimal EBPR. 

Again, effluent nitrate concentrations resulted in predominately anoxic conditions as 

opposed to anaerobic conditions in the selector. 
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Kolarski and Nyhuis ( 1 995), reported the performance of two full-scale SBR systems 

with an anoxic/anaerobic fill phase treating dairy processing wastewater. The SBR at 

the Muller Milch dairy processing plant was designed to treat 1 500 m3/d of wastewater 

at an influent BOD5 of 1 200 mglL with an SRT of 25 days and an F/M ratio of 0.06 d-I . 

The operating cycle was 8 hours duration consisting of 2 hours anoxic/anaerobic shock 

fill and mix, four hours of aerated react, one hour of settling and one hour of decanting. 

Over a 3 year period this SBR had an influent total phosphorus ranging from 1 8  to 1 62 

mg P/L while the effluent total phosphorus ranged from 0.5 to 3 .8  mg P/L. Due to the 

large fluctuations in the influent phosphorus levels, chemical phosphorus precipitation 

was also installed. It is not stated explicitly but i t  appears from the data that the effluent 

phosphorus concentration of 0.5 to 3 .8  mg P/L is inclusive of chemical phosphorus 

removal. This makes it difficult to make an assessment of the degree of phosphorus 

removal by EBPR within the SBR. The other full-scale SBR at the Westmilch dairy 

processing facility was operated with the same cycle duration and structure as at Muller. 

EBPR was observed after four weeks and the influent total phosphorus concentration of 

1 5  - 30 mglL was consistently reduced to less than 0.5 mg P/L without the requirement 

for chemical precipitation. No data was provided as to the phosphorus content of the 

SBR sludge for either case. 

Papagiannis ( 1 996), operated laboratory-scale SBR's treating synthetic dairy processing 

wastewater with COD contributions from both milk components/products and from 

acetic acid (to promote EBPR) and an average total phosphorus concentration of 56 mg 

P/L. An SBR was also operated in parallel as a control with a conventional fully 

aerated cycle treating the same influent. The conventional SBR removed 30 % of the 

phosphorus as opposed to only 1 6  and 20% for the two SBR's configured for nutrient 

removal. I t  was noted that phosphorus removal was however very inconsistent. 

Operational difficulties were continually encountered, especially poor sludge settling, 

resulting in very poor SRT control, with would be detrimental to EBPR establ ishment. 

It is possible that the control SBR had a greater amount of phosphorus precipitation as it 

was fully aerated and most likely operated at a higher pH due to carbon dioxide 

stripping. 

Dick ( 1 998), operated a pilot-scale SBR with a volume of 1 3  m3, at a New Zealand 

dairy processing plant. This SBR was operated with both a 24 and 1 2  hour cycle 

duration using at different times, both aerated and unaerated fill phases. The influent 
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had an average COD, TKN and TP of  5485 mg/L, 1 1 4 mg NIL and 96 mg P/L 

respectively, suggesting that adequate organic matter was present for nutrient removal. 

The removal efficiency of nitrogen averaged 90% and phosphorus removal averaged 

24% during a three-week period of stable operation. However in this study consistently 

stable operation again proved difficult to achieve. No operational SRT control value 

was mentioned but the SBR mixed l iquor concentration (TSS) was 6000 mg/L or 

greater suggesting a relatively high SRT. With this high sludge concentration, the 

majority of the phosphorus was most likely removed by assimilation, although 

inadequate data is presented to confirm either the presence or lack of EBPR. 

Of the studies published, that reported by Comeau et al. ( 1 996), achieved the best 

EBPR, when treating wastewater from a cheese factory in Quebec, Canada with a 1 5  L 

bench-scale SBR. Successful EBPR was established when the SBR treated effluent from 

a wastewater equalisation tank at the cheese factory. The equalisation tank had an HR T 

of about 20 hours, long enough for volatile fatty acid production. The VF A 

concentration in the influent averaged 1 1 30  mg COD/L, the orthophosphate 

concentration of the influent averaged 60 mg P/L. The SBR was operated with a 1 2  

hour cycle, 3 hour initial anaerobic phase, a 2 day HRT and at an SRT of 1 5  days. A 

sludge phosphorus content of up to 7 .6  % g Pig MLSS was observed with 2 . 1  % g Pig 

MLSS of that estimated to be precipitated absorbed phosphorus, indicating good EBPR 

performance. I t  was claimed that over 50 mg P/L was removed. 

2 .7 Fermentation of Dairy Processing Wastewater 

As previously mentioned in this review, short chain VF A are the preferable carbon 

source for the EBPR mechanism. This can be achieved by simultaneous fermentation in 

the reactor zone/phase or by fermentation in a separate acidogenic anaerobic reactor. 

Fermentation of primary sludge in order to supplement VF A for a subsequent EPBR 

process i s  now relatively commonplace at domestic wastewater treatment plants. Due to 

the readily biodegradable nature of the organic matter in milk processing wastewater 

fermentation should not be difficult as evidenced by the amount of VF A generated in  

the equalisation tank of  the Comeau et  al. ( 1 996) study. 
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Kisaalita et al. ( 1 987a; 1 987b; 1 989), investigated the acidogenic degradation of lactose 

and whey, both potential components of dairy processing wastewater. Complete 

degradation of lactose was achieved at 35°C and at reactor HRT's greater than 2 .5  

hours, with maximum acetic acid and minimum lactic acid produced at H RT's greater 

than 6 .7  hours. The potentially  optimum pH levels for lactose acidogenesis were 

identified to be 4.5 and 6.0. When whey protein was added to the lactose mixture 

between 65 and 70% of the protein was acidified without any negative effect on lactose 

acidification. 

Fang and Yu (2001 ), showed that optimum lactose acidification (�80%) was achieved 

at a lactose COD of 2000 to 5000 mg COD/L in a reactor with a 0.5 day HRT, a pH of 

5 .5 and at a temperature of 35°C .  The degree of lactose acidification did not increase 

substantially once the HRT increased above 1 2  hours. Lactose acidification decreased 

sharply below a pH of 5 with a peak at a pH of 5.5 but there was not a large effect on 

lactose acidification (75 - 8 1  %) between a pH of 5 and 6.5.  The effect of temperature on 

lactose acidification was also assessed and the optimum temperature was 55°C with an 

acidification of 86%. At 3 5°C the acidification decreased only slightly to 82% with a 

greater decrease observed at temperatures lower than 35°C. 

Kasapgil et al. ( 1 995), determined the optimum operating conditions for an acidogenic 

reactor when treating dairy processing wastewaters with COD's ranging from 2000 to 

6000 mg/L. They found that VF A production was affected by changes in temperature 

more than pH. They found that a pH range of 5 . 7  to 5 .8 and a temperature of 34-36 °c 

were the best combination of operating conditions at an HRT of 0.5 days resulting in a 

maximum acidification rate (VFAcOD/CODsoluble) of 7 1  %. The major VFA's  produced 

were acetic, propionic, n-butyric and n-valeric acid. 

Yu and Fang (2001 ), investigated the acidification of dairy processing wastewaters 

with a COD ranging from 2000 to 3 0,000 mg/L. It was shown that acidification of 

protein began after carbohydrate was depleted at a pH of 5 .5 and a temperature of 37 °C. 

At an HRT of 0.5 days acidification decreased with the increase in COD, from 57. 1 % at 

2000 mg COD/L to 28.8% at 3 0,000 mg COD/L. By measuring the individual 

components of the milk processing wastes they determined that 92-99% of 

carbohydrates, 59-85% of protein and 1 2-42% of lipids were acidified under continuous 

conditions. 
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Previous studies have established the mechanisms involved in EBPR and the design and 

operational protocols when EBPR is  applied to domestic wastewater treatment (or 

synthetic wastewaters of comparative strength). The use of EBPR for treating dairy 

processing wastewater is however not well established, especially when using 

continuous reactors. The majority of previous attempts to biologically remove 

phosphorus from dairy processing wastewater have proved unsuccessful with 

operational problems also occurring. Only one study (Comeau et al., 1 998) has clearly 

demonstrated the establishment of the EBPR mechanism when treating fermented dairy 

processing wastewater with an SBR over the period of their study. As fermented 

wastewater is essentially a mixture of short chain VF A, this can be considered pre­

fermented due to the degradation of the milk based components and their conversion to 

organic acids. As the presence of VF A (or conversion of organic substrates to VF A) is 

an essential requirement of EBPR the success with the fermented wastewater could be 

expected. Yet information on the EBPR process with high VF A wastewaters is  also 

limited. 

As yet no published studies with continuous activated sludge BNR reactors have 

established stable EBPR operation with significant biological phosphorus removal from 

either fermented or unfermented dairy processing wastewaters. In New Zealand due to a 

number of dairy processing sites having conventional non-BNR continuous activated 

sludge treatment systems the retrofitting and conversion of these systems for EBPR is a 

possibility. 

This study will attempt to try and fill some of these knowledge gaps in the application 

of the EBPR to dairy processing wastewater especially for continuous activated sludge 

BNR systems. A laboratory scale continuous activated sludge configured for biological 

phosphorus removal will be used to generate information. A continuous EBPR process 

configured for both combined nitrogen and phosphorus removal and for phosphorus 

removal only will be tested when treating dairy processing wastewater. Both the ease of 

fermentation of the synthetic wastewater used, and the requirement of a fermented 

wastewater for EBPR wil l  be explored. 
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CHAPTER 3 

Analytical and Experimental Methodology 

3.1 Introduction 

The methods used for the quantitative measurement of the relevant analytical 

parameters and for the experimental reactor systems performance evaluations are 

described in this chapter. All analytical methods where possible were performed as 

described in Standard Methods (APHA, 1 998), otherwise they were based on 

established techniques presented in l iterature and used by other researchers. 

3.2 Analytical Methodology 

The analytical parameters measured are those that are required to describe the 

performance of biological nutrient removal reactors and the chemical characteristics 

of the wastewater. Measurement of the intracell ular storage compounds glycogen, 

poly-B-hydroxybutyrate and poly-B-hydroxyvalerate describe the metabolic storage 

processes occurring during biological phosphorus removal . 

3.2 .1  Total Suspended Solids (TSS) and Volatile Suspended Solids (VSS) 

The TSS and VSS concentrations provide measurements of both the suspended solids 

concentrations present in the wastewater, and the biomass concentration present in the 

biological reactor. The VSS measures the amount of organic matter present in the 

suspended solids. A high VSS/TSS ratio for the suspended matter present in a 

wastewater indicates that the suspended solids consist of mostly organic matter and 

are therefore most likely biodegradable. As dairy wastewaters are comprised of 

mostly dilutions of milk and milk products the suspended organic matter, would 

consist mainly of milk fat and milk proteins resulting in a high VSS/TSS ratio 

(Leonard, 1 996; Danalewich et al. , 1 998). The estimation of the microbial 

concentration using the VSS measurement is widespread in wastewater treatment. The 

reactor biomass concentration when expressed as the VSS concentration is only an 

estimate of the viable biomass as it may also include inactive (inert) cellular matter 

and non-biodegradable solids (small for dairy processing wastewater). 
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Both the total suspended solids (TSS) and the volatile suspended solids (VSS) were 

determined according to sections 2540 D and 2540 E of Standard Methods (APHA, 

1 998) as fol lows: 

1 .  Glass fibre filters (Whatman GFIC and Schleider & Schnell GF52 filters were 

used, both of 90 mm diameter circles) were prepared by placing in an NEY 

M525 Series 11  muffle furnace at 550 °C(± 50), for 1 5  minutes. The filters 

were then cooled to room temperature in a desiccator that contained silica gel. 

2 .  Filters were then weighed (Mettler AE 200 balance) in grams to four decimal 

places. Filters were placed wrinkled side up in the filtration apparatus and 

lightly wet with distilled water. A volume of a well-mixed sample (usually 20 

ml) was then pipetted on to the filter paper. 

3 .  Filters were dried i n  a Contherm Series Five oven at 1 03°C usually overnight. 

After drying filters were cooled in a desiccator and reweighed. 

4. For VSS determination, filters were then ignited in the Muffle furnace for 30 

minutes before subsequent drying and weighing. 

5 .  The values for TSS and VSS were calculated as follows: 

TSS 
= 

_-----'-(
_
A

_
-
_

B
-c

)
_
x
_
l O
_

' __ 

sample volume ( mL ) 

TSS = __ (--,-A_-_C--,-)_x_IO_6 __ 

sample volume (mL ) 

where: 

A= weight of filter plus residue dried at l 030C (g) 

B= weight of filter (g) 

C= weight of filter plus residue after ignition at 550°C (g) 

(3 . 1 )  

(3 .2) 

The TSS method was verified by filtering a standard of a known TSS concentration. 

A 20 ml volume of a 500 mg/L TSS standard of 20 /-lm cellulose particles (Sigma Cell 

Cellulose type-20) was filtered and then dried at 1 03°C in parallel with samples for 
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the first two months of the project. In every instance, the TSS recovery was 95% to 

1 05% of the standard. 

3.2.2 Chemical Oxygen Demand (COD) 

The organic carbon content of the wastewater was measured as the chemical oxygen 

demand using the COD test. The COD method is used in most nutrient removal 

activated sludge models to describe the wastewater characteristics due to the fact that 

it is a relatively rapid method of quantification. The closed reflux, colorimetric 

method as described in section 5220 D of Standard Methods (APHA, 1 998) was used. 

Total (CODtotal) and soluble COD (CODso1uble) measurements were determined, with 

soluble COD defined as the fraction of COD that passed through GFC filter paper 

« 1 .2f.lm). Occasionally the COD of the filtrate from 0.45f.lm membrane filtration was 

determined and is shown in the data as COD<o.45Ilm. 

The COD test was performed as follows: 

1 .  An acidified (pH<2) 900 mg COD/L standard solution of potassium hydrogen 

phthalate was used to create a calibration curve with appropriate dilutions to 

give a range of calibration points. Samples with a COD greater than 900 mg/L 

were diluted before analysis .  

2 .  A 2.5  mL volume of  either sample, standard or distilled water (zero COD 

blank) was added to HACH COD tubes, followed by 1 .5 mL of digestion 

solution and 3 .5  mL of catalyst solution. The tubes were closed with Teflon 

lined caps. All samples, standards and blank were performed in triplicate. 

3 .  Samples were heated at 1 50°C for 1 20 minutes in  a 25  tube capacity HACH 

COD digestion block and then cooled. 

4. The absorbance of each sample and standard were measured at 600nm on a 

UV/VIS  Spectrophotometer (Shimadzu, UV- 1 20 1 ), using a cuvette with a 1 

cm path length. The absorbance of the digested blank was used as the zero 

point for the spectrophotometer. 
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5. The sample COD was calculated as follows: 

where: 

A x 0 COD ( mg / L )  = Slope 

A = sample absorbance at 600nm 

D=dilution factor 
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(3 .3) 

Slope= gradient of calibration plot (absorbance versus COD) 

3.2.3 Total Phosphorus (TP) 

The total phosphorus content of wastewater is important to determine the degree of 

phosphorus removal by the biological reactor. The phosphorus content of the biomass 

in the reactor is also important in order to perform a mass balance on the reactor and 

to calculate the phosphorus content of the biomass. The determination of total 

phosphorus is a two-stage process consisting of sample digestion and then phosphate 

measurement. The Sulphuric Acid-Nitric Acid digestion method outlined in section 

4500-P B of Standard Methods (APHA, 1 998) was used, followed by phosphorus 

measurement using the Ascorbic Acid Method in section 4500-P E of Standard 

Methods (APHA, 1 998). 

The TP of samples was analysed as follows: 

1 .  To generate a calibration curve, phosphorus standards as well as samples were 

firstly digested in 3 00 mL digestion tubes (Tecator Digestion System 6, 1 007 

Digester). Due to the high phosphorus levels in the samples and the resulting 

small sample size, 20 mL of deionised water was firstly added to each 

digestion tube to prevent the sample boiling dry. Standard phosphorus 

amounts of 0, 0.01 25 ,  0.025 and 0.05 mg P were added to digestion tubes. 

This equated to 0, 0 .25,  0.5 and 1 .0 mL of a 50  mglL phosphorus standard. 

Sample volumes of 0.20 mL of were pipetted into the digestion tubes. To each 

tube 1 mL of concentrated acid and 5mL of concentrated nitric acid were 

added followed by heating at 350°C in the electric heating block (Tecator) 

until the solution became colourless. After cooling 1 0  mL of deionised water 

was added to each tube. One drop of phenolphthalein indicator was added to 
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each tube and the solution neutralised to a faint pink colour with a 1 2. 5  M 

NaOH solution. 

2 .  The contents of the digestion tubes were transferred to 1 00 mL capacity 

volumetric flasks with repeated rinsing of tubes until about 50 to 70 mL of 

solution remained in the volumetric flasks.  

3 .  Ascorbic acid reagent ( 1 6  mL) was added to each 1 00 mL flask and the 

volume made up 1 00 mL using deionised water and the flask inverted several 

times to ensure complete mixing of sample and reagent. After 20 minutes (but 

no more than 3 0  minutes),  the absorbance of each sample was measured at 880 

nm in a spectrophotometer using 1 cm pathlength cuvette. The blank (0 mg P) 

was used to zero the spectrophotometer. 

4. The TP of the sample were calculated as follows: 

where: 

A TP ( rug I L ) = �--� V x slope 

A = absorbance at 880 nm 

V= sample volume (L) 

(3 .4) 

Slope = gradient of calibration plot (absorbance versus mg P) 

3.2.4 Soluble anions (pO-34, NO-2 and NO-3) 

The soluble anions were measured by ion chromatography (le) according to section 

4 1 1 0  C of Standard Methods (APHA, 1 998). All samples were filtered prior to 

analysis with 0.45/lm membrane filters before injection in the IC (Dionex, DX- l OO). 

A Dionex IonPac column (AS 9-HC 4-mm) was used with 9 mM Na2C03 used as the 

eluent at a flowrate of 1 .0 mllmin and with a sample injection volume of 25 IlL. Five 

point external calibration plots were generated (using mixed anion standards) and 

stored in the IC computer prior to analysis, with the sample concentrations generated 

from peak areas. The maximum standard concentration for each anion was as follows; 

nitrite (4 1 .5mg/L), nitrate (79.5mg/L), phosphate (20 1 .8mg/L). 
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3.2.5 Total Kjeldahl Nitrogen (TKN) 

The TKN was detennined using a digestion procedure similar to that of section 4500-

Norg B ,  while the resulting ammonia concentration was detennined by distillation and 

auto-titration as described in sections 4500-NH3 B and 4500-NH3 C of Standard 

Methods (APHA, 1 998). 

The digestion stage used a BUCHI 43 5 digestion system and tubes .  An appropriate 

sample volume (-50 mL), 1 3  mL concentrated H2S04, and two 5g Kjeltabs 

(TH OMPSON & CAP PER LTD, 97.5 %  Na2S04, 1 .5% CuS04.5H20, 1 % Se) were 

digested at 350°C until the sample became clear and white fumes were emitted. 

Each tube was then attached to an BUCHI 323 distillation unit in which 45% w/w 

NaOH was automatically added and the ammonia distilled off and collected in 4% 

boric acid (H3B03) that contained screened methyl red indicator. In the final stage 

ammonia was measured by auto-titration (METTLER DL1 25 auto titrator) with O. I N  

HCl.  

3.2.6 Ammonia 

Ammonia was analysed using a TECHNICON Autoanalyser continuous flow analyser 

using a modification of the automated phenate method (section 4500-NH3 G Standard 

Methods (APHA, 1 998)). The calibration curve was constructed using standards up to 

3 mglL ammonia with the peak height used to detennine the relative concentrations. 

3.2.7 Glycogen 

The glycogen content of lyophil ised sludge (VIRTIS Model 1 0-020 freeze dryer) was 

measured as glucose residues by heating at 1 00 °C with 3 mL of 0.6 M HCL for two 

hours. The glucose was then measured using a YSI 2700 Select Biochemistry 

Analyzer fitted with an enzyme membrane. A 2.5 glL glucose standard was used for 

calibration of the YSI Analyzer. To check glycogen and glucose recoveries, standards 

of both glycogen (BDH, oyster glycogen (C6HlOOS)x) and glucose (BOH, Analar) 

were taken through the same heating, hydrolysis and measurement process as the 

samples. 
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3.2.8 Poly-l3-hydroxyalkanoate (PHA) 

P HA's  were measured as poly-�-hydroxybutyric acid (PHB) and poly-�­

hydroxyvaleric acid (PHV) similar to the method developed by Braunegg et al. 

( 1 978), and used for activated sludge PHA analysis by Comeau et al. ( 1 988). 

• Approximately 30  mL mixed l iquor samples were collected and immediately 

centrifuged at 4°C (JOUAN MR 1 8 1 2 refrigerated centrifuge) and the pellets then 

frozen until analysed. Later the samples were lyophilised (VIRITIS Model 1 0-020 

freeze dryer). PHB and PHV data are shown for samples that were lyophilised 

pnor. 

• A weighed amount (about 20 mg) of lyophilised sludge was combined with 2 mL 

of acidified methanol (3% H2S04) containing benzoic acid (300 mglL) as the 

internal standard and 2 mL of chloroform in a 1 5  mL HACH test tube with tight 

fitting Teflon lined caps. The acidified methanol solution was made by adding 1 50 

mg benzoic acid and 1 5  mL concentrated H2S04 to 400 mL methanol and then 

making up to 500 mL with methanol .  All samples were analysed in duplicate. 

• External standards were prepared using a commercial preparation of PHB and 

PHY (ALDRICH CHEMICALS) consisting of Poly(3-hydroxybutyric acid-co-3-

hydroxyvaleric acid) of natural origin with a composition of 88 % w/w PHB and 

1 2% w/w PHV as follows: 

• 25 mg PHB/PHV standard was weighed and dissolved in 25 mL of 

chloroform (880 mg/L PHB and 1 20 mglL PHV). 

• Three different standards were made in duplicate in 1 5mL HACH 

test tubes: 

1 .  Add 1 . 1 7  mL of chloroform, 0.29 mL of PHB/PHV 

stock solution and 2 mL of methanol solution (with 

internal standard) to a test tube ( 1 27.6 mg/L PHB 

and 1 7 .4 mglL PHY). 

2. Add 1 . 1 5  mL of chloroform, 0.85 mL of PHB/PHV 

stock solution and 2 mL of methanol solution (with 
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internal standard) to a test tube (374 mglL PHB and 

5 1  mg/L PHV). 

3. Add 0.6 mL of chlorofonn, 1 .4 mL of PHB/PHV 

stock solution and 2 mL of methanol solution (with 

internal standard) to a test tube (6 1 6  mg/L PHB and 

84 mg/L PHV). 

• Samples and standards were heated for 3 .5 hours at 1 00 C in boiling water. 

• After cooling to room temperature 1 m L  of distilled H20 was added to each tube 

and the tubes were shaken vigorously in a GRIFFIN flask shaker for 1 5  minutes. 

• The chlorofonn phase was then settled to the bottom of the tube and then drawn 

off using a Pasteur pipette and transferred to a vial along with three pellets of an 

ALL TECH 1 /8" molecular sieve as a drying agent. The vials were stored at - 1 8°C 

until analysed. 

• The PHB and PHV extracts ( 1  f.lL of sample was injected) were analysed by gas 

chromatography (GC 6000 VEGA SERIES 2 with FIO detector, helium carrier 
gas at 30 kpa, 1 :5 split, S UPELCO NUKOL capillary column 1 5  m length x 0.53 

mm diameter and 0.5 f.lm film thickness). The GC was operated using a 

temperature program (80 °C for 1 minute then increased at a rate of 6 °C/min to 

1 55 °C and maintained at 1 55 °C for 1 minute). The injection and detector ports 

were both operated at 230 °C. 

An example of a GC chromatogram for PHB and PHV analysis is shown in Figure 

3 . 1 .  With the temperature program used, good separation of the PHB, PHV and the 

benzoic acid internal (IS) standard was achieved, with a retention time of 4 minutes 
for PHB, 5 minutes for PHV and 6 minutes for benzoic acid. 
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�========== __ ----PH8 

PHV 

IS 

Figure 3. 1 :  Example of  GC chromatogram for PHB and PHV analysis .  

3.2.9 Volatile Fatty Acids (VFA) 

The volatile acids measured were acetic acid, propionic acid, n-butyric acid, iso­

butyric acid, n-valeric acid, iso-valeric acid and caproic acid. These VF A ' s  were 

analysed by gas chromatography (GC 6000 VEGA SERIES 2 with FID detector) 

using a SUPELCO NUKOL capillary column ( 1 5  m length x 0.53 mm diameter and 

0 .5/-lm film thickness), with helium as the carrier gas (30 kpa). The oven temperature 

program used was 1 0  seconds at 1 00°C, the temperature was increased at a rate of 

1 0°C/min to 1 80°C and then held constant at 1 80°C for 1 minute. The injector and 

detector ports were both operated at 220°C. The sample volume injected was 1 /-lL.  

3.2 .10 Dissolved Oxygen (DO) and Oxygen Uptake Rate (OUR and SOUR) 

A dissolved oxygen (DO) meter and probe (YSI 57 oxygen meter, YSI 5750 probe) 

was used to measure both the dissolved oxygen and the oxygen uptake rate. The DO 

meter was connected to a SECKONIC chart recorder (Model SS-250F). The recorder 

speed was set at 30mm/minute, with 1 mg/L of DO corresponding to 30.3 mm of 

distance on the y-axis of the chart. The oxygen uptake was measured by filling a 20 

mL conical flask with mixed liquor, adding a small stirring bar and placing on a 

magnetic stirrer. The DO probe was then inserted into flask until it formed a seal at 

the top of the flask to prevent oxygen intrusion. The decrease in DO with time could 

then be calculated from the slope of the recorder line. The OUR set up is shown 
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schematically in Figure 3 .2 .  The OUR and specific oxygen uptake rate (SOUR) were 

calculated as shown in Equation 3 .5  and 3 .6 respectively. 

DO Meter 

YSI 

Stirrer 

DO (mg/L) 
... � 

Chart Recorder 

Figure 3.2 : Schematic of OUR measurement technique. 

OUR (mg02 I L / min) = t1DO(mg02 I L) 

Mime(min) 

SOUR (mg02 I mgVSS I min) = OUR 

VSS(mg / L) 

(3 .5) 

(3 .6) 

For wastewater characterisation studies using aerobic batch tests (Chapter 4) 

nitrification was inhibited with alIythiourea (BDH Chemicals) at a concentration of 1 

mgiL. OUR measurements during reactor zone testing and phosphorus release batch 

tests were not nitrification inhibited. 

3.2 .11  Sludge Volume Index 

The sludge volume index (SVI) is used to measure the settling characteristic of the 

reactor mixed liquor and is the volume in millimetres occupied by 1 g of sludge after 

30 minutes settling. The SVI was measured according to section 2 7 1 0  D of Standard 

Methods (APHA, 1 998). Mixed liquor ( 1 000 mL) was collected from the final 

aerated section ( or zone) in a 1 000 mL measuring cylinder and inverted several times. 

The contents were then left to settle for 3 0  minutes and the volume occupied by the 

sludge was recorded. The SVI was then calculated as in Equation 3 . 7: 
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3.2 . 12  pH Measurement 
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(3.7) 

The pH of samples and reactors was measured using a Orion Model 230A pH meter. 

The pH meter was calibrated before use with a two point calibration procedure using 

pH 7 and pH 4 or pH 1 0  colour key buffer solutions (BDH Chemicals). 

3.2 Laboratory�Scale Reactors 

In the biological nutrient removal (BNR) studies an activated sludge reactor 

configuration was required that contained both unaerated, aerated zones, and a 

clarifier. The BNR reactor was also required to be robust and reliable so that steady 

state operation could be achieved with a minimum of interruptions from equipment 

fai lure and tube blockages. 

Initially a BNR system comprising readily available components was constructed to 

help determine the required operating parameters, important reliability issues and 

whether biological phosphorus removal could be achieved with a relatively simple 

system and without fermentation (Chapter 5). The sludge from this system was also 

used in the wastewater characterisation studies (Chapter 4). I t  was decided during this 

preliminary study that a much more reliable and flexible system was needed, and an 

improved reactor system was designed. This improved design was the reactor system 

that was used for the remainder of the study due to its ease of operation, reliability 

and flexibility (Chapter 6, 7 and 8). 

3.3.1  Preliminary AAO Reactor System 

Previous research using a similar wastewater composition for laboratory scale 

biological wastewater treatment investigations showed that nitrification occurred and 

nitrate and nitrite were present in the treated effluent (Leonard, 1 996; Donkin and 

Russell, 1 997). On this basis, an activated sludge configuration capable of removing 

both nitrogen and phosphorus was required. As seen in the review in Chapter 2 

(Section 2 .4.2) a number of activated sludge configurations are available that can be 

used for biological phosphorus and nitrogen removal. Of these, the AAO system is 

one of the least complicated and was initially tested. In New Zealand activated sludge 
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systems treating dairy processmg wastewater generally have extended hydraulic 

retention times in the order of 5 to 7 days. The laboratory scale AAO system used by 

Donkin et al. ( 1 995), also had an extended HRT of 7 days. In the preliminary reactor 

studies (Chapter 5), a relatively long H RT of 3 .6 days (AAO) and 3 .2 days (MUCT) 

was used. A longer HRT was not used due to the difficulty of achieving accurate low 

pumping rates and the fact that long aeration times have been reported as detrimental 

to the EBPR process (Satoh et al. , 1 994; Brdjanovic et al. , 1 998). A total reactor 

volume of 1 8  litres was used with an influent flow rate of 5 l itres/day, to give an 

overall retention time of 3 .6  days. The actual retention time (including recycle 

streams) in the anaerobic zone of 7 hours (Table 3 . 1 )  was greater then those typically 

encountered in BNR systems of 1 to 3 hours (Cloete and Muyima, 1 997) so as to 

promote insitu substrate fermentation. The sludge recycle ratio was kept constant at 

1 .74 times the influent flow rate ( 1 . 74Q) to prevent sludge accumulation in the 

clarifier and the anoxic recycle was operated at 2Q. A schematic of the reactor 

configuration is shown in Figure 3 . 3 .  This AAO configuration was operated for a total 

of 50 days with a sludge retention time (SRT) of 1 5  days. 

Table 3.1 .  Retention times in respective zones of laboratory AAO system. 

Volume (litres) 
Actual HR T (hours) 
Nominal HRT (hours) 

Anaerobic zone 
4 
7 

1 9.2  

Anoxic zone 
2 
2 

9.6 

Aerobic zone 
1 2  
1 2  

57.6 

Initially the reactor was seeded with sludge from the Rotorua municipal wastewater 

treatment plant, which has a 5 stage Bardenpho configuration for both biological 

nitrogen and phosphorus removal. The mixed liquor was transferred between the 

reactor sections under gravity. The outlets in the anaerobic and anoxic stages were 

fixed at a certain level to maintain the desired volume (Figure 3 .3). The anaerobic and 

anoxic zones were both completely mixed using magnetic stirrers at a low rotation to 

minimise oxygen intrusion into the mixed liquor. The aerated reactor consisted of a 

New Brunswick Scientific Co., laboratory fermenter with independent mixing, 

aeration and temperature control. The aerated reactor temperature was maintained at 

25°C. The volume of the aerated reactor was kept constant by positioning the base of 

the outlet tube to the clarifier at the required depth in the reactor. The dissolved 
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oxygen in this reactor was controlled at 3 .0 mglL using a YSI dissolved oxygen probe 

connected to a feed back controller attached to a solenoid valve in the air supply line. 

The SRT was controlled by continuously wasting sludge directly from the aerated 

reactor. A photo of the system is shown in Figure 3 .4. 

�...lump 
.4� � j  Q=5 litres/day li� 

U 
Anaerobic 

Zone 
(4 litres) L-r--- 2Q 2-- Synthetic 

I 0 Stirrer 0 I Wastewater 
Anoxic at 4°C 
Zone 

(2 litres) 
\J U 

I 

0 Stirrer 0 I � ('\ .... ..... Pump 
r-- � \J I J 

I 

I ." � Clarifi�r 

�, ( 1 .8 l itres) 
S ludge Wasting DO 

I 
Aerobic Zone I 

(Qw) Probe ( 1 2  litres) ��/ controlled 
-

Air 
at 25"C 

( ) �, 
DO Control " ...... Effluent .. ..... :"" 
RAS= 1 .74Q Pump 

Figure 3.3: Schematic of AAO laboratory activated sludge system. 
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Figure 3.4: Picture of initial AAO laboratory activated sludge system. 
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3.3.2 Preliminary MUCT Reactor System 

In the next phase of the study the AAO configuration was changed to a MUCT 

process by the addition of one extra anoxic zone (Figure 3 .5).  The recycle from the 

first anoxic zone to the anaerobic zone had a recycle ratio of I Q. The volume of both 

anoxic zones was 2 litres and the aerobic-anoxic recycle ratio was 2Q. The volume of 

the anaerobic zone was decreased to 2 litres to maintain a unaerated volume of 6 

litres. The aerated zone was decreased slightly to 1 0  l itres in order to decrease the 

retention to 3 .2 days and the influent flowrate (Q) remained at 5 Llday. There was a 

possibility that the lower H R  T might be beneficial to phosphorus removal (Satoh et 

al., 1 994; Brdjanovic et al., 1 998). The respective retention times and volumes of 

each zone are shown in Table 3 .2 .  

Table 3.2: Hydraulic retention times in respective zones of laboratory MUCT system. 

Anaerobic 1 sI Anoxic 2nd Anoxic Aerobic zone 
zone zone zone 

Volume (litres) 2 2 2 1 0  
Actual HRT 4.8 3 .2 2 .4 1 2  
(hours) 
Nominal HRT 9.6 9 .6 9 .6 48 
(hours) 
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Figure 3.5: Schematic of MUCT laboratory activated sludge system. 
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3.3.3 Zoned Activated Sludge Reactor System. 

During the preliminary reactor study a new activated sludge reactor system was 

designed and constructed to improve reliability, stability and flexibility. The improved 

reactor consisted of 1 0  individually mixed and aerated zones in series. The aeration 

the each zone could be turned off or on to each of the ten zones allowing for 

unaerated and aerated zones in any part of the system. Zone mixing was achieved 

using magnetic mixers. Each mixer consisted of fonner computer hard drives fitted 

with magnets and was connected to a variable speed drive. Each zone had aeration 

connections, in which the compressed air-lines were connected to ball valves on the 

outside of each zone and fitted with an aquarium air diffuser inside each zone. When 

either an anaerobic or anoxic zone was required, the ball valve was simply turned off. 

Each zone was 1 00mm by 1 00mm wide and 250mm high giving a total volume of 2 .5 

litres. The volume of mixed liquor in each zone was limited to 2 .0 litres, (providing a 

freeboard in each zone of 50mm) giving a total reactor liquid volume of 20 litres. A 

water jacket (25mm wide) enclosed the wall and base of the reactor to allow the 

circulation of water at 20 DC, providing a constant temperature environment for the 

reactor contents. A temperature probe connected to a temperature control unit was 

positioned in the mixed liquor contents of the final zone providing feedback control to 

maintain a constant temperature. A baffled hole of 1 0mm diameter in each zone 

separation wall ,  25 mm from the base of the zones allowed the movement of the 

reactor contents in the flow direction shown in Figures 3 .6 and 3 .7 .  A circular clarifier 

of (volume 2 litres) positioned at an appropriate height controlled the liquid level and 

hence the reactor volume. A scraper/stirrer with rubber edges was operated at a speed 

of 3 rpm and prevented sludge accumulation in the clarifier. This scraper was 

connected to a timer that controlled an intermittent cycle in which the stirrer speed 

suddenly increased for 4 seconds. In this study, the interval between these stirrer 

cycles was set at 20 minutes. This periodic increase in scrapper speed prevented the 

accumulation of sludge in the clarifier by periodically breaking up clumps of sludge. 

The accumulation of clarifier sludge in clumps had been an operational problem in the 

preliminary reactor system. 

Aeration was controlled using the same DO control unit used previously, with the DO 

probe positioned in the second aerated zone and the DO controlled at 2 mg/L in this 

zone. This did not control the DO concentration in each zone and resulted in higher 
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DO levels in subsequent zones. This insured that sufficient aeration was provided to 

the initial zones. The D.O. concentration in the final zone was controlled at about 0.5 

mg/L by closing the air input ball valve. This prevented oxygen intrusion into the 

anaerobic zone through excessive DO levels in the return activated sludge (RAS) line. 

Sampling ports with ball valves were positioned on the side of each zone at a height 

of 1 00 mm from the base to pennit either sub-surface sampling or stream recirculation 

entry/exit points. This reactor system minimised the amount of tubing and pumps 

required, resulting in a much more reliable process .  

Clarifier 
alve 

J CJ t:J de de de . . . [¥] de de t:r de t:Jic 
I 
I 
I 
I 
I 
\ 

"- Synthetic - - DO 
Controller "- Wastewater 

..... at 4°C 

DO Meter 

Figure 3.6: Schematic of improved laboratory zoned reactor system. 

The wastewater was fennented using a continuous fennenter as described in the next 

section and then pumped to the AAO configured activated sludge zoned reactor. The 

last part of the study involved operating the reactor with an a AO configuration by 

converting the anoxic zone into an aerobic zone (zone 2) by simply opening the air 

supply valve (Chapter 7). 
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Figure 3.7: Zoned reactor system showing clarifier and stirrer, DO control system 

and temperature control unit. 

Figure 3.8: Mixed l iquor contents of zoned reactor system. 

54 



Chapter 3: Materials and Methods 

3.3.4 Fermentation Reactor 

To provide a consistent source of VFA's to the reactor, a fermenter was added before 

the activated sludge reactor. The fermenter consisted of a 1 5  l itre New Brunswick 

Scientific Company (Model MF- 14) fermenter with temperature control, pH control 

and an internal mixer (Figures 3 .9 and 3 . 1 0). In the initial fermentation trial, the 

fermenter was opearted at HRT's of 1 2, 1 8  and 24 hours, temperatures of 30  and 

3 5°C and pH settings of 6.0 and 6.5 (Chapter 4). The fermenter was operated at an 

HRT of 1 2  hours, a constant temperature of 3 5°C and a constant pH of 6.5 during the 

EBPR reactor studies. Synthetic wastewater refrigerated at 4°C, was pumped to the 

fermenter, converted to volatile fatty acids, and then pumped to another holding 

refrigerated plastic container at 4°C before pumping to the subsequent activated 

sludge system. The volume in the fermenter was controlled using a level control probe 

attached to a pump. The pH was adjusted by adding 6N NaOH via a pump connected 

to a pH controller (Horizon Model 5997-20). The headspace in the fermenter was 

purged with nitrogen gas before start up or whenever the top of the fermenter was 

removed. The operating volume of was maintained at 1 0  l itres, which produced 20 

litres of fermented dairy processing wastewater per day. 

3.3.5 Laboratory Pumps 

All the pumps used in reactor systems were peristaltic pumps. The activated sludge 

reactors used Masterflex (Cole-Parmer Instrument Co, Models 7554-60 and 7554-30) 

pumps fitted with 701 6  pump heads and Norprene Masterflex tubing (6404- 1 6). The 

fermenter influent and effluent lines were connected to a double head pump (ISCO 

Co., Model 1 6 1 2) with Norprene Masterflex tubing (6404- 1 5) .  All connections 

between pumps, reactors, influent, and effluent storage containers consisted of red 

rubber tubing with a 5 mm inside diameter. 

3.3.6 Reactor System Steady State 

Before complete sampling and analysis of the reactor systems they were operated for 

a period of at least three solids retention times (SR T' s) in order to reach 'pseudo 

steady state' after which changes were made in system parameters (Leonard, 1 996). 

For the biological systems tested, the so-called steady state was only an indication of 

the system response to changes in operating conditions. 
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Figure 3.9: Schematic of fermenter process. 
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Figure 3.10 :  Photo of fennenter system showing 4°C synthetic wastewater storage 

refrigerator on the right and fennented wastewater refrigerator on the left. 

3.4 Synthetic Wastewater Composition 

The synthetic wastewater was initially composed of whole milk powder, skim milk 

powder and butter with additional phosphorus added as KH2P04 (Table 3 .3). This 

recipe was similar to that used by Leonard ( 1 996), with the individual components 

increased in proportion to create a COD of approximately 3000 mg/L. This 

wastewater had a COD/TKN ratio of 28 .  This wastewater was used in Chapters 4, 5 

and 6. The wastewater initially had a total phosphorus concentration of 1 05 mg P/L 

for the experimental work in Chapters 4 and 5. For Chapter 6, the KH2P04 

concentration was decreased to 3 .74 g/ 1 O  L, decreasing the total phosphorus 

concentration to 98 mg P/L. In  the later studies (Chapter 6,7 and 8) the butter was 

removed from the recipe, as under refrigeration it tended to separate from the mixture 

and float on the surface of the wastewater. 

The synthetic wastewater was subsequently altered to increase the COD/TKN ratio to 

32 in order to minimise the occurrence of nitrification and the resulting nitrate 
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production (Chapter 7). The recipe for this modified wastewater is listed in Table 3 .4. 

Adding lactose made up the COD that was removed, by decreasing the amount of 

whole and skim milk powder, as lactose does not contain nitrogen. This wastewater 

had a total phosphorus concentration of 95 mg P/L 

Table 3.3 : Synthetic wastewater recipe with COO/TKN ratio of28 .  

Components 

Whole milk powder 

Skim milk powder 

Butter 

NaOH (45% w/w) 

Amount to make 1 0  l itres 

1 0  g 

10 .8  g 

2 .3  g (Chapter 4 and 5) 

o g (Chapter 6) 

4. 1 g (Chapter 4 and 5) 

3 . 74 (Chapter 6) 

20 ml to adjust pH to 1 1  

Table 3.4: Recipe for synthetic wastewater with COO/TKN ratio of 32. 

Components 

Whole milk powder 

Skim milk powder 

Lactose 

KH2P04 

NaOH (45% w/w) 

Amount to make 1 0  litres 

7 .2 g 

7 .8  g 

6 .0 g 

3 .75 g 

20 mL to adjust pH to 1 1  

The milk powder used (both skim and whole milk) was manufactured by Anchor Milk 

Products New Zealand. The characteristics of whole and skim milk powder shown in 

Table 3 .5 were calculated from information supplied on the packaging showing the 

composition per 1 00 ml of reconstituted milk. The lactose was analytical grade and 

supplied by BOH (Poole, England). 
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Table 3.5: Milk powder characteristics according to the manufacturer (Anchor Milk 

Products Ltd, N .Z.). 

Whole milk powder Skim milk powder 

per g powder per g powder 

Milk fat (g) 0.2595 0.0054 

Protein (g) 0.2595 0.2054 

Carbohydrate (g) 0 .35 1 1  0.2595 

Calcium (mg) 9 . 1 603 6.4865 

Phosphorus (mg) 6.8702 5.4054 

Energy ( KJ) 20 7 .945 

Based on the above infonnation there is 1 2 .7 mg P IL of phosphorus that was due to 

the milk powder in the first synthetic wastewater (CODITKN=28) and 9.2 mg P/L in 

the second synthetic wastewater (COD/TKN=32). 
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CHAPTER 4 
Wastewater Characterisation and Fermentation Studies 

4.1 Introduction 

The success of the Enhanced B iological Phosphorus Removal (EBPR) process is largely 

dependent on the characteristics of the organic carbon present in the wastewater. The 

COD/TKN content of the wastewater will also determine whether a combined nitrogen 

and phosphorus removal EBPR system is required. 

In this study the conventional gross analytical properties of the "high nitrogen" 

synthetic dairy processing wastewater (COD/TKN=28) were determined along with 

greater specification of the readily biodegradable COD (RBCOD) component. In order 

to increase the RBCOD component and generate volatile fatty acids (VF A) for the 

EBPR process, fermentation (acidification) of this dairy processing wastewater was also 

assessed. 

4.2 Synthetic Dairy Processing Wastewater 

Dairy processing wastewater is comprised mainly of diluted milk, milk products and 

cleaning solutions. The characteristics of dairy processing wastewater at any time will 

be dependent on both the products produced at the site at that time and whether process 

equipment is being cleaned. To meet the requirement of operating a biological reactor 

under controlled conditions, a wastewater without widely variable characteristics was 

required. In this study, a synthetic dairy processing wastewater with properties typical 

of an actual wastewater was used. The composition of the synthetic wastewater used in 

this characterisation study was based on the recipe used by Leonard ( 1 996), comprising 

a mixture water, milk powder and initially butter (Table 4. 1 ). The soluble phosphorus 

concentration was increased by 92 mg P/L in order to create a phosphorus rich dairy 

processing effluent. The organic content (COD) of the wastewater was increased by 

50% over that used by Leonard ( 1 996), to give a COD of 3200 mglL, slightly more than 

the typical dairy wastewater COD of about 3 000 mglL (Table 2.5). This COD is also 

typical of a New Zealand phosphorus rich dairy processing wastewater (Bamett et al., 

1 994). The synthetic wastewater recipe is shown in Table 4. 1 .  
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Table 4.1 : Synthetic dairy processing wastewater recipe. 

Component Amount to make 1 0  litres 

Whole milk powder 

Skim milk powder 

Butter 

KH2P04 

NaOH (45% w/w) 

1 0.0 g 

1 0.8 g 

2.3 g 

4. 1 g 

20 mL 

The chemical and physical characteristics of the synthetic wastewater are shown in 

Table 4.2. The total COD of the wastewater in the refrigerated storage container varied 

depending on when the sample was collected. If the sample was collected soon after the 

wastewater was mixed the total COD was about 3 200 mg COD/L. When the wastewater 

was sampled after more than 1 day after mixing (under refrigeration), then some solids 

could settle and the total COD would approach 3500 mg COD/L if the sample was 

collected from the lower part of the container. The wastewater was usually replaced 

daily with a fresh mixture when possible. 

4.3 COD Fractionation of Waste water 

If substrate is to be available for conversion and storage as PHA's in the anaerobic zone 

of the EBPR process, the substrate must firstly be converted to VF A or be present as 

VFA. Substrate that is part of the readily biodegradable COD (RBCOD) fraction but not 

present as VF A needs to firstly be converted to VF A within the anaerobic zone before 

conversion to PHA. I t  is likely that with the relatively small actual HRT of the 

anaerobic zone that only the RBCOD organic fraction will be converted to SCVF A. The 

overall RBCOD requirement for biological phosphorus removal has been estimated as 

1 0 9  RBCOD/g P removed (Clayton et al., 1 99 1 ). 

In Activated Sludge Model No. 1 (ASM 1 )  (Henze et al. , 1 986), the influent wastewater 

total COD comprises four fractions: readily biodegradable COD (SS I), slowly 

biodegradable COD (Xsd, inert particulate COD (Xll), and inert soluble COD (Sl l) .  
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Orhon et al. ( 1 993), showed experimentally that SI I  was insignificant for diary 

processing wastewater. Leonard ( 1 996), suggested that the inert particulate COD 

fraction was negligible for this synthetic dairy processing wastewater as the VSS/TSS 

ratio was measured as 1, indicating zero ash content. This was also the case in this study 

were the VSS/TSS ratio of the wastewater was always measured as being equal to one. 

Table 4.2: Synthetic dairy processing wastewater chemical and physical characteristics. 

Characteri sti c 

COD total 

COD GFC filtered « 1 .2 j.lm) 

COD filtered « 0.45 j.lm) 

TKN 

Total Phosphorus 

Soluble Phosphorus 

TSS 

pH 

Lactose 

ConcentrationlValue 

3200 mg COD/L 

2 1 50 mg COD/L 

1950 mg COD/L 

1 1 5 mg N/L 

1 05 mg P/L 

95 mg P/L 

470 mg/L 

1 1  

880 mg/L 

Activated Sludge Model No. 2 (ASM2) (Henze et ai, 1 995), which is an extension of 

ASMl incorporating phosphorus removal, further subdivides some COD fractions. In 

ASM2 the readily biodegradable substrate comprises two fractions, firstly the 

fermentation end products (SA), which are considered to be acetate, and the fermentable 

readily biodegradable organic substrates (SF). In effect the SS I (RBCOD) fraction of 

ASM1 ,  is replaced by SA + SF in ASM2. ASM2 assumes that the SF fraction is directly 

available as a substrate for fermentation by heterotrophic organisms. In ASM2 the 

soluble COD comprises SA and SF, although analytically the soluble COD component 

also comprises slowly biodegradable COD (Xs). With the synthetic dairy wastewater 

used in this study, no VFA was initially present so the SF fraction is equivalent to the SS I 

fraction given in ASM l .  
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Due to the reliance of the EBPR process on the SA and SF COD fractions they will be 

considered further. As previously stated SA in this synthetic wastewater is insignificant, 

therefore the remaining readily b iodegradable COD (RBCOD) needs to be quantified. 

The RBCOD fraction of the synthetic dairy processing wastewater used in this study 

was experimentally detennined using aerobic  batch tests by Leonard ( 1 996) as 42.5% of 

the total COD and 60% of the soluble COD. I f  these RBCOD values are recalculated 

using the same data it is evident that they have been over estimated. This is due to the 

incorporation of the baseline due to endogenous respiration, instead of including the 

baseline due to substrate hydrolysis in the oxygen consumption calculations. The 

corrected RBCOD fraction (SS I )  would be approximately 20% of the total COD. This is 

much more comparable to that obtained by Sozen and Orhon ( 1 999) of 22.8% for an 

actual dairy processing wastewater. The RBCOD fraction of any dairy processing 

wastewater will vary however depending on the products being manufactured and the 

waste minimisation procedures that are used at a particular processing site. 

To confirm the RBCOD values obtained by Leonard ( 1 996) both aerobic batch tests and 

anoxic batch tests were performed. I t  was anticipated that the anoxic batch test method 

would clarify the position of the baselines due to substrate hydrolysis and confirm the 

RBCOD calculations from aerobic batch tests. Both aerobic and anoxic tests also 

simultaneously permit the calculation of the heterotrophic yield coefficient Y H (Sol frank 

and Gujer, 1 99 1 ; Kujawa and Klapwijk, 1 999). 

4.3. 1 Aerobic Batch Tests 

The RBCOD fraction describes the organic carbon fraction with a low molecular 

weight, which sustains a high rate of bacterial respiration. The RBCOD fraction is 

determined by measuring the rate of consumption of the electron acceptor under either 

aerobic conditions (02) or anoxic conditions (N03-N and NOrN), when sludge is 

exposed to the wastewater. 

The aerobic batch test method for evaluation of SS I as described by Ekama et al. ( 1 986), 

and Solfrank and Gujer ( 1 99 1 ), measures the oxygen uptake rate (OUR) after a 

preselected volume of wastewater of known COD is mixed with a known volume of 

mixed liquor. It is desirable that the initial high OUR plateau due to RBCOD 
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consumption is long enough to be accurately measured, but short enough to also 

minimise heterotrophic growth and hydrolysed substrate. Kappeler and Gujer ( 1 992), 

recommend an elevated OUR duration due to RBCOD of 30 minutes. A suitable 

substrate to biomass ratio (SIX) needs to be detennined for a particular wastewater to 

obtain this duration. Once the RBCOD is depleted, the OUR drops to a second plateau, 

which is the rate associated with the utilisation of COD generated by hydrolysis. The 

RBCOD fraction is proportional to the area between the initial high OUR and the OUR 

due to hydrolysis (dO) (Figure 4. 1 ). The RBCOD concentration is then calculated as 

follows: 

s - fiO vml + vww 
SI - (l - YH ) vww 

(4. 1 )  

Where Y H is the heterotrophic yield coefficient (mg cell CODI mg COD consumed) and 

V ml is the volume of mixed liquor used and V ww is the volume of wastewater used. The 

requirement of Y H necessitates either the presence of a suitable l iterature value or the 

separate calculation of Y H. Fortunately Y H can be simultaneously estimated during 

these aerobic batch tests by relating the total oxygen consumed (due to added COD) to 

the COD degraded as shown in equation 4.2 (Solfrank and Gujer, 1 99 1 ) . 

Y H 
= 1 _ Oxygen consumed 

COD consumed 
(4. 2) 

Figure 4. 1 shows an example of the oxygen uptake rate (OUR) curve for the initial 

aerobic batch test, using mixed liquor from a reactor system with anaerobic, anoxic and 

aerobic zones and operated at an SRT of 1 5  days (Chapter 5). The batch test consisted 

of 1 litre of mixed liquor (MLVSS= 1 635mg VSS/L) and 4 mls of concentrated GFC 

filtered synthetic dairy processing wastewater ( 1 0  times strength, the ingredients for 1 0  

L mixed in only 1 L) resulting in an initial soluble COD of 8 1  mg/L. 
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Figure 4.1 :  RBCOD detennination using aerobic batch test method for synthetic dairy 

processing wastewater (S/X= 0.05). 

The total oxygen consumption due to added substrate (area above endogenous baseline) 

is 29.5 mg 02/L giving a value of Y H for this batch test of 0.64 mg cell COO/mg COO 

consumed ( 1 -(29.5/8 1 )). The oxygen consumption due to RBCOO is 8 .5 mg 02/L 

resulting in an SSI  value of 2 1  mg CO OIL for this batch test. The RBCOD fraction of 

the soluble COD is calculated as 29 % of soluble the COO ( 1 8% of the total wastewater 

COD). The hydrolysable component comprised the remainder of the GFC filtered COD 

at 72%. 

The aerobic batch test was repeated at a higher SIX ratio (0. 1 2) by increasing the 

amount of filtered concentrate added to 1 0  mL, (202 mg COD/L) to increase the 

duration of the initial OUR plateau. The total oxygen consumption of 68.6 mg 02/L 

resulted in a Y H value of 0.66 mg cell COO/mg COD consumed. The RBCOD fraction 

was calculated as 22% of the total COD and 35% of the soluble COD. The hydrolysable 

COD was 65% of the soluble COD. 
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Figure 4.2 : RBCOD detennination using aerobic batch test method for synthetic dairy 

processing wastewater (S/X= 0. 1 2). 

The RBCOD fraction obtained in these two aerobic tests of 1 8  and 22% are similar to 

the corrected values obtained by Leonard ( 1 996) and the values for dairy processing 

wastewater obtained by Sozen and Orhon ( 1 999) . 

4.3.2 Anoxic Batch Tests 

In order to check the reliability of the aerobic batch test results, anoxic batch tests were 

performed. Anoxic tests have the advantage that they can more precisely define the 

changes in the utilisation rate of the electron acceptor due to changes in the COD 

fractions. A high nitrate uptake rate (NUR) due to RBCOD of at least 30 minutes is 

recommended for the anoxic batch test (Kuj awa and Klapwijk, 1 999). The same data as 

for the aerobic batch test is required except that the nitrate and nitrite concentration is 

measured with time instead of the oxygen concentration. The RBCOD concentration is 

proportional to the amount of nitrate utilised (LlN03) during the initial high NUR rate 

(equation 4.4). 
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(4.4) 

If nitrite is present then it is included in the nitrate total by mUltiplying by 0.6 and 

adding to the nitrate, as nitrite has 0.6 of the electron acceptor value of nitrate (Kujawa 

and Klapwijk, 1 999). This sum has been denoted as the total oxidised nitrogen (NOx-N) 

in the NUR graphs presented in this study. The yield coefficient used in RBCOD 

calculations for anoxic batch tests can be either previously determined values from 

aerobic tests, literature values, or experimentally determined. Orhon et al. ( 1 994), 

derived a theoretical value for Y H under aerobic conditions ,  using the energetics of 

aerobic growth on lactate, of 0.65 as a theoretical value for dairy processing wastewater. 

They suggested that an anoxic yield coefficient (Y HO) should be used in anoxic data 

calculations with the value suggested for dairy processing wastewater of 0.52. There are 

however no experimentally derived values for anoxic yield coefficients for activated 

sludge processes treating actual industrial wastewater. Cokgor et at. ( 1 998), determined 

the RBCOD component of domestic and industrial wastewaters using both aerobic and 

anoxic batch tests using the aerobic yield (Y H) in the calculations. This is despite 

suggesting that Y HO should theoretically be used. 

In this study the anoxic heterotrophic yield coefficient used in the calculations was 

determined for each experiment. The value of Y HO was determined by addition of 

known quantities of either mixed VF A or acetate as a readily biodegradable organic 

substrate (SS I )  in the anoxic batch tests, and then was calculating Y HO by rearranging 

Equation 4.4 and solving for Y HO. 

Initially three anoxic batch tests were performed in parallel, with varying substrates. As 

with the aerobic batch tests the mixed liquor used was obtained from a reactor system 

with anaerobic, anoxic and aerobic zones that was operated at an SRT of 1 5  days 

(Chapter 5). The substrates used were filtered synthetic dairy wastewater, filtered 

fermented dairy processing wastewater (obtained from the fermentation study in Section 

4.4), and one reactor with no added substrate (endogenous). The dairy processing 

wastewater was not concentrated for these NUR tests. The soluble portion of the 

fermented wastewater consisted of  a known concentration of VF A as the RBCOD 
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source. This was used to both calculate Y HO and provide a reference NUR comparison 

for the RBCOD components. The initial substrate and biomass (VSS) concentrations for 

the four batch tests are shown in Table 4.3 for each batch test. 

Table 4.3: NUR batch test parameters. 

Substrate 

Dairy Processing WW 
Fermented WW 
Endogenous 

Added 
Soluble COD 

(mg/L) 
85 
85 
o 

Reactor 
VSS 

(mg/L) 
3065 
2975 
3 1 70 

SIX (based 
on Soluble 

COD) 
0.03 
0.03 

o 

Liquid 
Volume 
(litres) 

2.00 
1 .84 
1 . 86 

The mixed liquor was mixed aerated for 4 hours before the tests to consume any 

residual substrate and the dissolved oxygen concentration was decreased to zero before 

substrate addition. To obtain an initial nitrate concentration of between 33 and 40 mg 

N03-N/L, 60 mls of a 1 000 mg N03-N/L solution was added to each reactor. The 

results from the three substrates are shown in Figure 4.3 .  

The NUR gradient(s) for each substrate can be defined as K t ,  K2, and K3 were the 

subscript 1 defines an initial high NUR gradient due to RBCOD, 2 denotes that due to 

hydrolysed COD and 3 is the NUR gradient due to endogenous respiration (Table 4.4). 

The initial high NUR gradient Kt  for the fermented wastewater was due to readily 

biodegradable substrate (VF A). If the initial rate for the raw wastewater is comparable 

then this can also be classified as Kt (RBCOD substrate) . NUR gradients less than or 

equal to the endogenous substrate rate (batch test without added substrate) can also be 

classified as endogenous (K3),  while rates in between Kt and K3 are classified as the rate 

due to substrate hydrolysis (K2). The values of K t ,  K2 and K3 are shown in Table 4 .5  

for each batch test. 

The anOXIC yield coefficient (Y H O) was calculated as 0.62 from the known VF A 

concentration of the fermented dairy wastewater. VF A comprised 1 00% of the soluble 

COD (85 mg/L) for the fermented wastewater. Using this value for Y HO the RBCOD 
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fraction of the dairy processing wastewater was calculated as being 22% of the total 

COD (33% of the soluble COD). Within the 240 minutes duration of the synthetic 

wastewater batch test no equivalent endogenous rate was obtained. The endogenous 

NUR gradient (K3) of the fermented wastewater was 40% of the endogenous rate of the 

reactor without an additional carbon source. Some of the difference was due to the 

slightly lower VSS concentration in the fermented wastewater batch test. 
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Figure 4.3: Anoxic batch test NUR graph for four different substrates. 

Table 4.5: NUR gradients for each substrate used in the anoxic batch test. 

Substrate NUR gradient (mg NIL/minute) 

K,  K2 K3 
Fermented WW 0.263 0.020 

Dairy WW 0.2 1 4  0.069 

Endogenous 0.052 
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Another anoxic batch test was perfonned as only two data points confinned the initial 

NUR gradient for the dairy processing wastewater in the first set of anoxic batch tests. 

This time acetate (sodium acetate) was used as the RBCOD substrate to measure Y H at a 

starting concentration of 1 30 mglL. The SIX ratio for the dairy processing wastewater 

reactor was 0.08 (volume of wastewater =300 mL, initial soluble COD = 325 mglL, 

YSS= 3 850). The volume of the batch test was 2 .0  litres for both the acetate and the 

dairy processing wastewater. In the wastewater batch test the mixed liquor used was 

allowed to settle and 3 00mL of supematant decanted, and at the start of the test, 3 00 mL 

of filtered wastewater was added. The same procedure as the previous NUR tests was 

followed. Samples were collected every 1 5  minutes for 240 minutes and immediately 

filtered with 0.45 !lm filter paper. The results are plotted in Figure 4.4. 

The anoxic yield coefficient was calculated as 0.68 mg COD/mg COD (�NOx-N=1 4.5 

mg NIL). The initial NUR gradient of the wastewater test is comparable to that of 

acetate indicating again that this initial rate is due to the RBCOD component of the 

wastewater (Table 4.6). The RBCOD fraction of the dairy processing wastewater (570 

mgiL) was calculated as 1 8  % of the total COD (�NOx-N=9.6 mg NIL). It would be 

expected that K3 for the acetate reactor would reflect an endogenous rate, yet it is in 

between the K2 and K3 values for the wastewater results. Care needs to be taken when 

assigning descriptions to these rates, as it is likely that part of the acetic acid (or other 

RBCOD substrates) may be converted to internal storage compounds such as PHA that 

could then be utilised after RBCOD expiry. This would explain the reason why K3 for 

acetic acid is similar the hydrolysis rate (K2) for the wastewater. It has also previously 

been shown that internal storage compounds may influence the outcome of aerobic 

batch tests (Dircks et at. , 1 999; Carcucci et at. , 200 1 ). 
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Figure 4.4: Anoxic batch test comparison for acetate and synthetic dairy processing 

wastewater. 

Table 4.6: NUR gradients for each substrate used in second anoxic batch test. 

Substrate 

Acetic acid 

Dairy WW 

0.264 

0.277 

NUR gradient (mg NIL/minute) 

0.08 1 

0 .06 1 

0.045 

The values of RBCOD and the yield coefficients (Y H) and (Y HD) determined are 

summarised in Table 4.7 below and compared to previous values for dairy processing 

wastewater from l iterature. The values for RBCOD determined in this study averaged 

20%, which is very close to the values of Leonard ( 1 996), and Sozen and Orhon ( 1 999). 

It most likely that the RBCOD compounds are sugars present in the milk. Table 3 .6  

gives the carbohydrate content of each of the milk powders, which when calculated is  

63 1 mg/L for this synthetic wastewater. The packaging states that carbohydrates are 

present as sugars. If  it i s  assumed that the majority of the carbohydrate is lactose, then 
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this equates to a COD of 705 mg COD/L or 22% of the total wastewater COD. Based 

on this it appears reasonable to assume that the RBCOD is due to this carbohydrate 

component. 

Table 4.7: RBCOD fraction and yield coefficients from this study and literature. 

RBCOD YH 
fraction (Ss , )  (mg Cell COD/mg COD consumed) 

Aerobic tests (this study) 

Anoxic tests (this study) 

Leonard ( 1 996) 

Sozen & Orhon ( 1 999) 

Orhon et al. ( 1 993) 

Orhon et al. ( 1 994) 

Huang ( 1 984) 

1 8  %, 22% 

22%, 1 8% 

20% 

23% 

* Aerobic batch growth tests. * * Aerobic batch respirometric tests 

* * *  Anoxic NUR test using VF A. 

1 Theoretical aerobic yield based on energetics for lactate 

2 Theoretical anoxic yield based on energetics for lactate 

4.4 Fermentation of Dairy Processing Wastewater 

0.64, 0.66** 

0 .62,  0.68***  

0.62* , 0.70** 

0 .6, 0.6* 

0.65 1 , 0.522 

0.69* 

The supply of VF A to the anaerobic zone of EBPR is typically achieved in two ways. 

Firstly the wastewater substrate may be fermented to VF A within the anaerobic 

zone/phase and simultaneously converted to storage polymers as PHA. Secondly, the 

wastewater may already contain VF A that is directly available for conversion to PHA. If 

VF A is  not already present in the wastewater, as with this synthetic dairy processing 

wastewater, a fermentation process can be used before the EBPR reactor to generate the 

required fermentation products. Comeau et al. ( 1 996), investigated the EBPR process 

using an SBR when treating a cheese factory wastewater from a balance tank (HRT �20 

hours). The balance tank had no temperature or pH control . The effluent from the 

balance tank generally had a pH of 6 .2 and a VF A COD concentration averaging 1 1 30  

mg/L, showing that dairy processing wastewater is readily fermentable. Other 

researchers have studied the acidogenic fermentation of dairy wastewaters and lactose 

as a means to optimise anaerobic treatment processes (Kisaalita et al. ,  1987a, 1 987b, 
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1 989; Kasapgil et al., 1 995; Fang and Vu, 200 1 ;  Yu and Fang 2001 ). Yu and Fang 

(2001 ), demonstrated that carbohydrate was preferentially acidified as compared to 

protein and lipids. At a pH of 5 .5  and an H RT of 1 2  hours, wastewater with a COD of 

2000 mg/L had the highest degree of acidification of 57. 1 %. The degree of acidification 

is quantified using the percentage of the initial soluble substrate concentration converted 

to VFA and other fennentation products. Fang and Yu (200 1 )  investigated the 

acidification of lactose and found that while the degree of acidification was greatest at 

an HRT of 24 hours, there was not a lot of difference between 1 2  and 24 hours. Also 

between a pH of 4 and 6.5 ,  the optimum pH was 5 .5 ,  but the variation in acidification 

was only ±6% between a pH of 5 and 6 .5 .  

Kisaalita et al. ( 1 987a), found that the optimum pH range for acidogenesis of lactose 

was found to be 6.0 - 6.5 using an HRT of 20 hours, with up to 70% of the soluble COD 

converted to VFA. At fermenter HRT's ranging from 1 0  to 20 hours there was good 

VFA production with minimal lactic acid formed, whereas at lower HRT's, VFA 

production decreased and lactic acid increased. Wastewater from a milk and cream 

bottling plant with a COD ranging from 2000-6000 mg/L had optimum fermentation 

conditions of a pH of 5.8,  HRT of 1 2  hours and a temperature of 35°C .  Decreasing the 

temperature had the largest negative impact on VF A production. 

Some preliminary fermentation trials were performed to confirm that the synthetic dairy 

processing wastewater used in this study was readily fermentable. The anaerobic 

fermenter (operating volume 1 0  litres) was initially seeded using screened anaerobic 

biomass from an anaerobic sewage sludge digester (Palmerston North City Council, 

Wastewater Treatment Plant). The analytical parameters of importance to the EBPR 

process such as total and soluble COD and the VF A type and quantity were measured. 

The operating parameters chosen were based on the results from the previous studies 

mentioned. A pH of either 6 .0 or 6.5 was used as it was anticipated that this would not 

disrupt the maintenance of a reasonable pH within the anaerobic zone of any subsequent 

EBPR process. These pH values are also typical of effluent from balance tanks without 

pH control at dairy processing sites (Comeau et al., 1 996; Jovcic, 1 998). 

Typical flow balancing tanks have HR T' s of around 24 hours, however during periods 
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of high flows this may decrease. As previously mentioned successful acidification of 

dairy wastewater and lactose was achieved at an HR T of 1 2  days, but a decrease in 

acidification was experienced at H RT' s less than 1 2  hours (Fang and Yu, 200 1 ). For 

these reasons acidification of the synthetic dairy processing wastewater was investigated 

at H RT's between 1 2  and 24 hours. 

4.4.1 Fermentation Studies 

The background in the previous section shows that there is a reasonable amount of 

published and successful dairy wastewater fermentation information. For this reason, 

this  study was l imited to only four variations in operating conditions. This was to 

determine the most suitable fermentation parameters for this wastewater based on 

information from previous studies, and conditions typical of balance tanks. The 

fermentation reactor and equipment are described in detail in Section 3 .3 .5 .  In this 

study, four trials were performed using a 1 0  litre New Brunswick (Model MF - 1 4) 

fermenter with variations in the HRT, pH and COD. The pH was adjusted using a pH 

controller and only required adjusting upwards using 6N NaOH (due to organic acid 

generation). The fermenter was operated for 7 days before sampling. The operating 

parameters were: 

1 )  H RT=24, pH=6.0, Temperature=30oC, COD=3200 mglL; 

2) H RT= 1 2, pH=6.5, Temperature=3SoC, COD=3200 mglL; 

3 )  H RT=1 2, pH=6.5, Temperature=3SoC, COD=6400 mglL; 

4) H RT= 1 8, pH=6.0, Temperature=30oC, COD=3200 mglL. 

The results from each of the 4 trials are summarised in Table 4.8 .  The trials using an 

H RT of 1 2  hours have a simil ar degree of acidification (VF Aproducedl CODin) that is  

independent of the COD of the raw wastewater (and COD loading of the fermenter). 

These values are comparable to a study by Ince ( 1 998), who achieved acidification rates 

(based on soluble influent COD) of SO to 70% for a range of pH values. The pH of 6 or 

6.S was used as this had been identified as the optimum pH range for VF A generation 

(Kisaalita et al. , 1 987a) and is typical of the pH in dairy processing wastewater 

balancing tanks (Comeau et al. , 1 996; Jovcic, 1 998). The COD of the 0.45 /lm filtered 

fraction is the 'true' soluble COD of the incoming wastewater and the % acidification is  

74 



Chapter 4: Wastewater Characterisation and Fermentation Studies 

based on this value. The 24 and 1 8  hour HR T trials, which were also at a lower 

temperature, produced about 80% of the VFA's that were produced with a 1 2  hour HRT 

and a temperature of 35°C.  This is most likely due to the conversion of some VF A to 

methane gas (methanogenesis) at the longer H RT, and the lower growth rate at 30°C.  

Acetic acid was produced at a higher concentration then other VFA's, with propionic 

acid and n-butyric acid the next most common VF A. Based on the milkpowder 

specifications the carbohydrate total COD amounts to approximately 705 mg/L. Yu and 

Fang (200 1 ), demonstrated that carbohydrate was preferentially converted to VF A. 

Assuming that all the carbohydrate is converted to VF A, then it  accounts for between 57 

and 75% of the VF A COD, which suggests some other milk components, such as 

protein, are also converted to VF A. 
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Figure 4.5: The percentage of each VFA as a fraction of the total VFA COD. 
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Table 4.8: Operating parameters and analytical data from the four different fermenter 
operations. 

Parameter Value 

HRT (hours) 24 1 2  1 2  1 8  

PH 6.0 6.5 6 .5 6 .0 

Temperature (oC) 30 35 35 30 

Total COD of waste water 3200 3200 6400 3200 

GFC filtered ( 1 .2 Ilm) COD 2 1 50 2 1 50 4300 2 1 50 

(mg/l) of waste water 
0.45 Ilm filtered COD 1 950 1 950 3900 1 950 

of wastewater 

0.45 Ilm filtered COO 1 1 30  1 300 2650 1 0 1 0  

from fermenter 

VFA COD produced (mg/L) 935 1 200 2470 995 

% Acidification based on total 29 38  39  3 1  

influent COD 

% Acidification based on 0 .45 48 62 62 5 1  

Ilm filtered CODin 

% Acidification based on 43 56 57 46 

GF IC filtered CODin 

Fermenter TSS (mg/L) 730 7 1 0  625 7 1 0  

Acetic acid (mg COD/L) 358 470 7 1 2  475 

Propionic acid 325 235 52 1 1 1 4 

(mg COO/L) 

Iso-Butyric acid 0 70 254 1 45 

(mg COD/L) 

n- Butyric acid 82 255 656 1 3 8  

(mg COD/L) 

Iso-Valeric acid 1 02 60 1 82 95 

(mg COO/L) 

n-Valeric acid 68 1 1 0 1 45 28 

(mg COO/L) 
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An H RT of 12 hours, a pH of 6 .5  and a temperature of 3 5°C were used as the fennenter 

operating parameters in subsequent EBPR studies (Chapters 6 ,  7, and 8) .  A pH of 6.5 

would insure that a near neutral wastewater was pumped to the activated sludge reactor, 

avoiding potential pH complications in the EBPR system. An HR T of 1 2  hours and a 

temperature of 3 SoC appeared to optimise VF A production based on literature data and 

this fermentation study. At an H RT of 1 2  hours, the 1 0  litre fermenter would generate 

20 litres of fennented wastewater per day, which would easily  meet the requirements for 

EBPR activated sludge studies. 

4.5 Discussion 

The fraction of RBCOD In the wastewater (20%) is similar to that for domestic 

wastewaters, however the magnitude of RBcon is much greater (�640 mg COD/L). 

The rest of the soluble COD according to ASM l and ASM2 (Henze et aI. , 1 986 and 

1 995) belongs to the slowly biodegradable (Xs) fraction. ASM2 describes SF as the 

readily biodegradable substrate that is composed of small molecules that can be 

metabolised directly, or quickly fermented/hydrolysed before being metabolised. These 

compounds can be soluble proteins, carbohydrates and other easily degradable 

compounds. The RBCOD component of this synthetic wastewater appears to be 

primarily carbohydrates (i .e. sugars) as the carbohydrate content COD of 22% is very 

close to the RBCOD fraction determined. The RBCOD does not necessarily describe 

the only substrate available for successful EBPR functioning, by way of PHA formation 

under anaerobic conditions. It may be that some of the Xs COD fraction can also be 

converted to VF A within the anaerobic zone of an EBPR process. 

The two anoxic yield coefficients found in this study are comparable to the aerobic 

yields and are greater than the theoretical anoxic value proposed by Orhon et at. ( 1 994). 

The anoxic yields were measured using VF A as the substrate compared to the aerobic 

yield value that was calculated from the wastewater soluble substrate added to the batch 

reactor. Dircks et al. ( 1 999), showed that the same sludge sources had different Y H 

values with various substrates. The value for Y H determined under anoxic conditions 

using VF A should be a reasonable estimation of that for the RBCOD fraction of the 

dairy processing wastewater as the values of KJ for both VF A's and the RBCOn 

component of the wastewater had very similar values. 
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Fermentation trials demonstrated that similar acidification rates (60%) to other 

published studies could be achieved for this wastewater and up to 1 200 mg COD/L 

generated form the synthetic wastewater with a COD of 3200 mglL. Doubling the total 

COD of the influent wastewater resulted in a similar acidification rate. Comeau et al. 

( 1 996), successfully removed about 45 to 50 mglL of phosphorus from a cheese 

processing wastewater with a influent VFA concentration of 1 200 mg COD/L. For 

future EBPR trials, fermentation operating parameters of an H RT = 1 2  hours, pH=6.5 

and a temperature of 3 5  QC were selected. 

4.6 Conclusions 

The readily biodegradable fraction (RBCOD) of the synthetic wastewater 

(COD/TKN=28) used in  this characterisation study, was 20% ( 1 8  to 22%) or 640 mg/L. 

It appeared that the RBCOD consisted mostly of carbohydrates (sugars) as the 

carbohydrates made up about 22% of the total COD of this wastewater. 

Fermentation of this wastewater generated a maximum VF A concentration of 1 200 mg 

COD/L at an H RT of 1 2  hours, a controlled temperature of 350C and a controlled pH of 

6.5.  The total VF A generation was greater than the RBCOD fraction, suggesting that 

compounds other than sugars were converted to VF A.  The acidification rate of 60% at 

these operating conditions was comparable to other dairy wastewater fermentation 

studies. 
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CHAPTER S 
Preliminary EBPR Reactor Studies 

5.1 Introduction 

Most design and research information available for the EBPR process i s  directly 

related to wastewater of comparable organic strength and phosphorus content to 

domestic wastewater. Some studies have achieved biological phosphorus removal 

from dairy processing wastewater using laboratory scale SBR systems (Comeau et al. , 

1 996) or full scale SBR's (Goronszy, 1 990; Kolarski and Nyhuis, 1 995), however 

little detailed analytical information was available. The approach used in this study 

was to study biological phosphorus removal from dairy processing wastewater using a 

laboratory scale continuous flow BNR activated sludge system. The rational for the 

use of a continuous BNR system was that the biological treatment systems used in the 

New Zealand dairy industry are generally continuous flow. 

In Chapter 4 it was shown that about 20% of the total COD (640 mg/L) is present as 

readily biodegradable COD. The first reactor system in this chapter used a long 

anaerobic HRT in an attempt to achieve in situ fermentation. Previous continuous 

reactor laboratory scale studies, using similar synthetic dairy processing wastewater, 

have shown that nitrate and nitrite were present in the recycle activated sludge stream 

(Donkin and Russell ,  1 997; Leonard, 1 996) and that an anoxic zone for denitrification 

would be required. The first configuration tested in this preliminary study used an 

AAO configuration with an extended anaerobi c  HRT and the second system was 

configured as a MUCT system. Neither of these systems used external fermentation. 

5.2 AAO Configuration 

Typical anaerobic zone hydraulic retention times range from 1 to 3 hours (Henze et 

al. , 2002). As this dairy processing effluent has a relatively high concentration of 

soluble COD, and a significant RBCOD component, it was decided to start with an 

actual anaerobic zone HRT of 7 hours. The anaerobic zone was 22.2% of the total 

reactor volume and the anaerobic retention time was 22.2% of the total reaction time, 

similar to the 25% used by Comeau et al. ( 1 996), for their SBR operation. An AAO 
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configuration (Figure 5. 1 )  was used, as it is one of the least complicated. The reactor 

had a total volume of 1 8  litres and an overall retention time of 3 .6  days. The actual 

retention times of the different zones (including recycle streams) are shown in Table 

5 . 1 .  The return sludge recycle ratio was kept constant at 1 .74 times the influent flow 

( 1 . 74Q) and the anoxic recycle was operated at 2Q. The system was operated for a 

total of 50 days, at an SRT of 1 5  days. The reactor was initially seeded with sludge 

from a full scale 5 stage Bardenpho treating domestic wastewater (Rotorua District 

Council). 

Q= 5 Ud Anaerobic 

4 litres 
Anoxic 
2 litres 

2 

1 .74Q 

Aerobic 
1 2  litres 

Figure 5. 1 :  AAO activated sludge preliminary lab-scale system. 

The organic loading rate of the system averaged 0.39 kg CODlkg VSS/d, similar to 

that used by Comeau et al. ( 1 996), of 0.37 to 0.49 kg CODNSS.d. The volumetric 

loading of 0.92 kg COO/m3 .d was lower that that used by Comeau et al. ( 1 996), of 

1 .47 kg COD/m3 .d. 

Table 5. 1 :  Retention times in respective zones of laboratory AAO system 

Anaerobic Anoxic Aerobic 
zone zone zone 

Volume (litres) 4 2 1 2  
Actual HR T (hours) 7 2 1 2.2 
Nominal HRT (hours) 1 9 .2 9.6 57.6 
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5.2.1 Reactor Operation 

The TSS concentration was measured in  each zone during the period of operation and 

is shown in Figure 5 .2. Initially the suspended solids concentrations in each zone were 

similar, although the TSS concentration in the anaerobic zone was greater than the 

other zones when measured on days 1 4  and 1 9  due to blockages in the anaerobic zone 

inlet. Most of the variation in solids concentrations between zones is explained by the 

operational difficulties in maintaining a steady operation due to tube blockages. The 

TSS concentration generally ranged between 2000 and 3000 mglL in each zone. The 

VSS/TSS ratio provides an indication of the amount of non-volatile solids present in 

the biomass and decreases with an increase in cellular polyphosphate content. For an 

EBPR process there should be a noticeable decrease in the VSS/TSS ratio from the 

anaerobic zone (due to P-release) to the aerobic zone (due to P-uptake). The 

VSS/TSS ratio's for the anaerobic zone during the period reactor of operation (Figure 

5 .3)  were nearly always greater than the aerobic zone. During the final 1 0  days of 

operation, the difference between that anaerobic and aerobic VSS/TSS ratio 's  

decreased. This suggests that the phosphorus removal also decreased in  the final ten 

days of operation. 

Figure 5.2 : TSS concentration in each zone. 
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Figure 5.3: Zone VSS/TSS ratio' s  during AAO system operation. 
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Figure 5.4: Variation in the SVI and the effluent TSS during AAO system operation. 
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The stability of activated sludge reactors is largely dependent on the settling 

properties of the biomass in the clarifier measured as the sludge volume index (SVI). 

After seeding, the SVI decreased steadily to an SVI of 1 02 after 14 days and remained 

between 1 00 and 1 20 until day 40 when it increased to 1 80 (Figure 5.4). The effluent 

TSS averaged 79 mg/L and peaked at 140 mg/L on two occasions. The SVI values 

averaged 1 45 which is comparable to the lower range of values obtained by Leonard 

( 1 996) in a study on the effects of selectors on bulking when treating dairy processing 

wastewater. The SVI values in this study were much lower than the values obtained 

by Donkin and Russell ( 1 997), with a laboratory AAO system where the svr values 

were always greater than 1 50 and occasionally as high as 600. The effluent TSS 

concentrations were higher than expected from the SVI values obtained, suggesting 

that an improvement in the clarifier design or operation is required. 

The removal of COD was quantified by measuring the soluble COD in each zone. The 

soluble COD profiles shown in Figure 5.5 show that there was a progressive decrease 

in COD through the three zones. Dilution due to recycle streams will account for 

some of this decrease. COD uptake in the anaerobic zone is usually due to either 

denitrification or PHA storage by polyphosphate accumulating organisms (P AO's) or 

glycogen accumulating organisms (GAO's). In this trial, an average of 790 mg/L of 

the total influent COD and 430 mg/L of the soluble COD was removed in the 

anaerobic zone. These calculations assume that for the total COD removed, al l the 

particulate COD would be converted to soluble COD within the anaerobic zone, and 

for the soluble COD removed no particulate COD is converted to soluble COD. In 

reality, the average amount of COD consumed in the anaerobic zone would be 

between 790 mg/L and 430 mg/L COD as some particulate COD would be 

hydrolysed. Of the soluble COD entering the anoxic zone from the previous anaerobic 

zone an average of 68 mg/L was consumed, most likely due to denitrification. Overall 

99% of the influent COD was removed through the reactor (based on effluent soluble 

COD). 
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Figure 5.5: Soluble COD concentrations in each zone. 

5.2.2 Nitrogen Removal 

The principle importance of nitrogen removal to success of the EBPR process is to 

minimise the amount of nitrate or nitrite that enters the anaerobic zone in subsequent 

recycle streams. After day 1 5, samples were periodically analysed for nitrate and 

ammonia (Figures 5.6 and 5 .7). Almost complete nitrification occurred in the system 

with an average ammonia concentration in the aerobic zone of just 0 .5 mg NIL 

compared to 1 0.6 mg NIL in the anaerobic zone. Aerobic and effluent nitrate 

concentrations averaged 8.2 and 7 .4 mg NIL respectively. This effluent nitrate 

concentration, while moderate, was not enough to account for the average 430 mg/L 

of soluble COD consumed in the anaerobic zone. Almost complete denitrification was 

achieved in the anoxic zone were the nitrate concentration averaged 0.3 mg NIL, 

which suggests that the 2Q anoxic recycle rate was close to optimum. 

84 



Chapter 5: Preliminary Reactor EBPR Studies 

2 

1 .8 --t)- Aerobic 

-fr- Effluent 
1 .6 

1 .4 

� 1 .2 
Cl 

.s 
z 

M 
J: 0.8 z 

0.6 

0.4 

0.2 

0 
0 5 10  1 5  20 25 30 35 40 45 50 

Days 

Figure 5.6: Ammonia concentrations in the aerobic zone and effluent. 

Figure 5.7: Nitrate concentrations in each zone. 
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5.2.3 Phosphorus Removal 

The amount of phosphorus removed was calculated from measurements of the soluble 

phosphate concentration (P04-
3
) and the phosphorus content of the activated sludge. 

These values are shown in Figure 5.8 .  The amount of phosphorus released in the 

anaerobic and anoxic zones is shown in Figure 5 .9, with the P release values in the 

anaerobic zone calculated based on both the influent total and soluble phosphorus 

concentrations. An average of 20 mglL of phosphorus was removed after day 5. The 

aerobic phosphorus concentration steadily increased over two SRT's (30 days). The 

decrease in phosphorus removal is reflected in Figure 5.9, where the amount of 

phosphorus released in the anaerobic zone decreased to 5 or less mglL (based on 

influent total phosphorus). In the anoxic zone, there was mostly phosphorus uptake, as 

expected in the presence of an electron acceptor. The phosphorus content of the 

sludge averaged 3 .0  % mg P/mg VSS after 8 days of operation. The majority of the 

phosphorus removed was due to that required for microbial growth, with very little 

removed by other mechanisms. This compares to values of about 7 % mg P/mg VSS 

for systems with significant EBPR (Comeau et al. , 1 996) and 3 .7% with a starch fed 

BNR system that had exhibited minimal EBPR (Randall et al., 1 994). 
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Figure 5.8: Soluble phosphorus (P04-P) concentration in each zone. 
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Figure 5.9: P release in anaerobic and anoxic zones based on both total influent 

phosphorus and the influent soluble phosphorus concentrations. 

5.2.4 Discussion 

For this preliminary AAO system trial, the intention was to determine if the system 

was robust and reliable, and also to assess whether biological phosphorus could occur 

without a pre-fermentation stage but instead with an extended anaerobic HRT. 

Reliable reactor operation at times was difficult with sludge accumulation occurring 

in both the anaerobic and anoxic zones due to blockages of the zone outlets. 

Consistent pump flowrates were also difficult to obtain due to the low influent 

flowrate used (5 Lld). Although an internal stirrer was used in the clarifier, sludge 

accumulation still occurred periodically, which meant an improved method of clarifier 

operation was required. The dissolved oxygen (DO) concentration in the aerated zone 

was controlled at 3 mglL O2 that resulted in measurable DO levels (generally <2 

mglL) in the clarifier, possibly resulting in some oxygen intrusion in to the anaerobic 

zone via the RAS line. Overall ,  the system used in this trial, required modification and 

the addition of more complex control. 

The decrease of anaerobic phosphorus release with time shows that the sludge 
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composition changed with time, with the initial P AO population in the seed sludge 

decreasing with time. The amount of anaerobic phosphorus release on day 50 at the 

end of the AAO system operation was calculated at only 4 mg P/L. The anaerobic 

phosphorus released to soluble COD consumed after 50 days was only O.O l mg P/mg 

COD much less than the value of 0.22 mg P/mg COD used in a model for the SBR 

treatment of dairy processing wastewater by Ky et al. (200 1 ). This low ratio and the 

continued consumption of anaerobic soluble COD suggests organisms other than 

PAO's competing for soluble COD under anaerobic conditions had increased 

(possibly GAO's) over the 50 days of reactor operation (Oehman et ai., 2000). 

Besides the operational difficulties, influences on the changing microbial population 

may have been the long overall HRT (3 .6 days), the long anaerobic retention time (7 

hours) and the presence of sugars in the wastewater (Satoh et al. , 1 994). 

A high degree of overall COD removal and almost complete nitrification were 

achieved. To minimise nitrate intrusion into the anaerobic zone via the RAS line the 

denitrification capacity needs to be increased although a high amount of 

denitrification was still achieved. The phosphorus content of the sludge (3%) was not 

much more than that removed by assimilation through growth (2%). To accurately 

assess the capacity for biological phosphorus removal on a laboratory scale without 

interruptions to steady operation an improved system was required. The average 

analytical parameters for each zone are shown in Table 5.2 .  

During the later part of this study, a new modified system was constructed with 

individual aeration and mixing and with minimal pumping requirements as the flow 

between zones was via slots in the zone separators. The problem of sludge retention in 

the clarifier was minimised by incorporating a period of rapid mixing in the clarifier 

for 4 seconds every 20 minutes in order to break up sludge clumps so that the sludge 

flowed through the clarifier outlet rather than bridging the outlet. It was intended to 

control the DO in the final aerobic zone to 0.5 mglL in order to prevent oxygen 

intrusion into the anaerobic zone via the RAS recycle. This would also minimise 

oxygen intrusion into the anoxic zone via the internal recycle line. 
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Table 5.2 : Average analytical parameters for each zone during operation of AAO lab­

scale configuration. 

Zone 

Parameter Anaerobic Anoxic Aerated 

TSS (mg/L) 2765 2 1 85 22 1 0  

Psoluble (mg/L) 1 02 93 84 

P removed (mg/L) 

P released (mg/L) 1 0  - 1  

% mg P/mg VSS 3 .0 

pH 6.8 7.2 8. 1 

COD (mg/L) 490 230 40 

Nitrate (mg NIL) 0.2 0.3 8.2 

Ammonia (mg NIL) 1 0.6 7.3 0.5 

SVI 1 45 

*
Effluent COD value is expressed as total COD 

5.3 MUCT Configuration 

Effluent 

80 

83 

20 

1 45
* 

7.4 

0.6 

The prel iminary reactor system was modified to a MUCT configuration by the 

addition of an extra zone and recycle stream. This configuration prevented the 

intrusion of both nitrate and oxygen into the anaerobic zone with only a small 

modification, although it did not solve the issues related to operational reliabi lity. The 

MUCT configuration had a total reaction volume of 1 6  litres, an influent flow rate of 

5 litreslday, and an HRT of 3.2 days ( Figure 5 . 1 0). The system was operated with a 

sludge recycle (RAS) rate of 5 Lld (Q), an anoxic recycle of 2Q and an anaerobic 

recycle of I Q. The retention times in each zone are shown in Table 5 .3 .  The actual 

anaerobic H RT was decreased from the 7 hours in the previous AAO system to 4.8 

hours in this MUCT configuration. This shorter anaerobic HRT was closer to the 

typical domestic wastewater values of up to 3 hours. 
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Table 5.3: Hydraulic retention times in respective zones o f laboratory MUCT system. 

Volume (litres) 

Actual HRT 

(hours) 

Nominal HRT 

(hours) 

Anaerobic 

2 litre 

Anaerobic  

Q 

zone 

2 

4.8 

9.6 

Anoxic 
2 litres 

1 st Anoxic 

zone 

2 

3 .2 

9.6 

Anoxic 
2 litres 

Q 

2Q 

2nd Anoxic 

zone 

2 

2 .4 

9.6 

Aerobic 
1 0  l itres 

Aerobic zone 

1 0  

1 2  

48 

Figure 5.10 :  Modified UCT activated sludge lab-scale system for treatment of 

synthetic dairy processing wastewater. 

5.3.1 Reactor Operation 

This system was operated for a period of 38 days at an SRT of 1 5  days. The period of 

operation was less than 3 SRT's duration as the reactor operation was ceased due to a 

lack of significant EBPR and the completion of the improved zoned reactor system. 

With this system there was some difficulty maintaining a similar TSS concentration in 

the anaerobic zone compared to the rest of the reactor (Figure 5 . 1 1 ). The TSS 

concentration in the anaerobic zone averaged 1 525 mglL compared to over 2000 

mglL in the other zones during the 38 days of operation. A higher anaerobic recycle 

rate may have increased the TSS concentration in the anaerobic zone. The average 
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value of the SVI (256) was greater then with the AAO configuration, but did 

progressively decrease during the period of operation to a value of 1 78 after 3 8  days. 

The COD profile in each zone is shown in Figure 5 . 1 2. The soluble COD in the 

anaerobic zone averaged 890 mg/L, which was higher than for the previous AAO 

system. The soluble COD consumed within the anaerobic zone averaged 495 mg/L 

(Figure 5 . l 3) .  Leonard ( 1 996) found that from 50 to 84% of the available soluble 

COD for dairy processing wastewater was consumed in unaerated selectors with 

HRT's  of 33 to 1 3 1  minutes. In this trial only 38% of the soluble COD was 

consumed. The reason for this difference may be due to the solubilisation of influent 

particulate COD because of the long HRT of the anaerobic zone in this study (4.8 

hours) compared to a maximum unaerated selector HR T of 2.2 hours employed by 

Leonard ( 1 996). 
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Figure 5.1 1 :  TSS concentration in each zone for the MUCT system. 
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Figure 5.12 :  COD concentration in each zone for the MUCT system. 
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Figure 5.13:  Anaerobic zone total and soluble COD consumption. 
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The ammonia concentration was measured in each zone (Figure 5 . 1 4) .  The ammonia 

was almost completely nitrified. This is reflected in the N03-N concentrations in the 

aerobic zone and effluent of 1 .3 to 9.0 mg NIL (Figure 5 . 1 5) .  The nitrate 

concentration in the anaerobic zone was undetectable. After day 3, the nitrate 

concentration in anoxic zones 1 and 2 was also undetectable. This showed that this 

system could potentially provide conditions that are suitable for EBPR in a continuous 

activated sludge system due to the prevention of nitrate intrusion into the anaerobic 

zone. This system could be further optimised for nitrogen removal by changing 

internal recycle rates and anoxic volumes, but this particular system still had the 

operational difficulties of tube blockages and non-consistent flows between zones of 

the AAO system. Increasing the anoxic recycle from 2Q to 4Q would have most 

likely decreased the effluent and aerobic nitrate concentrations, however this was not 

required due to the fact that no nitrate entered the anaerobic zone. 
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Figure 5.14:  Ammonia concentration in each zone for the MUCT system. 
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Figure 5.15: Nitrate concentrations in each zone for the MUCT system. 
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Figure 5.16: Orthophosphate (P04-P) concentrations In each zone for the MUCT 

system. 
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Phosphorus removal within the reactor was not significant, as evidenced by the lack 

of noticeable phosphorus release and uptake in the anaerobic and aerobic zones 

respectively (Figure 5 . 1 6). The decrease in P04-P on day 32 was due to a decrease in 

the phosphorus feed concentration, which was tracked to an error in the composition 

of the wastewater during mixing of the synthetic wastewater. It is evident that 

although anaerobic conditions were maintained by the prevention of nitrate intrusion 

into this zone that phosphorus release did not improve. While the sludge in this 

MUCT configuration originated from the preliminary AAO configuration, there was 

no noticeable improvement in the amount of phosphorus removed. The amount of 

phosphorus removed averaged only 1 5  mg P/L. The phosphorus content of the aerated 

sludge averaged only 2.5 %mg P/mg VSS. 

5.3.2 Discussion 

The average analytical parameters are shown in Table 5 .4. The average value of the 

settling volume index (SVI) is greater than with the previous AAO configuration. 

With the MUCT configuration there was difficulty in maintaining a similar TSS 

concentration in the anaerobic zone compared to rest of the reactor. The amount of 

phosphorus removed ( 1 5  mg P/L) was also less then with the AAO (20 mg P/L). The 

phosphorus content of the sludge in the aerobic stage also decreased to 2.5 % mg 

P/mg VSS. 

Table 5.4: Average analytical parameters for each zone during operation of MUCT 

lab-scale configuration. 

Section 

Parameter Anaerobic 1 st Anoxic 2n(J Anoxic Aerated Effluent 

TSS (mg/L) 1 525 2 1 95 2090 2040 70 

D RP (mg P/L) 98 99 94 9 1  89 

pH 6.7 7.0 7 .6 8 .0 8. 1 
COD (mg/L) 875 540 1 90 35  60

* 

Nitrate (mg NIL) <0. 1 <0. 1 <0. 1 6 .8 6.7 

Ammonia (mg NIL) 29.4 2 1 .4 9.0 0.6 0.3 

SVI 250 
il'Effluent COD value is expressed as total COD 
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To confirm whether precipitated phosphorus was contributing to phosphorus removal, 

the separate phosphorus components of a sludge sample were determined using the 

method given by Aspegren ( 1 995). In this test the total phosphorus content of the 

biomass is determined, the polyphosphate content determined from the phosphorus 

release in an anaerobic batch test with excess acetate (500 mg COD/L) and the 

precipitated phosphorus determined from extraction in cold acid (HCI). The organic 

phosphorus content of the cell can then be calculated by subtracting the 

polyphosphate and the precipitated phosphorus concentrations from the total 

phosphorus concentration. The phosphate release curve after 250 minutes of anaerobic 

conditions is shown in Figure 5. 1 7, where negligible P-release occurred. The results 

of this simple fractionation are shown in Table 5 .5 .  The polyphosphate content was 

negligible as minimal phosphorus was released under anaerobic conditions. Although 

the pH in the MUCT aerobic zone was 8 . 1 ,  precipitated phosphorus was minimal in 

the system. 
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Figure 5.17: Phosphorus concentration in anaerobic batch test. 
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Table 5.5: Phosphorus fractionation of aerobic sludge sample (Day 35). 

Phosphorus fraction 

Total P of aerobic sludge 

Precipitated P 

Poly P content 

Organic P 

5.4 Conclusions 

% P of sludge (wt/wt) 

2 .20% mg P/mg VSS 

0. 1 8% mg P/mg VSS 

Negligible 

2.02% mg P/mg VSS 

Fraction % of total P content 

8 . 1 % of total solids P content 

Negligible 

9 1 .9 % of total solids P content 

This preliminary study used unfermented wastewater and extended anaerobic 

retention times. Both the AAO and MUCT configurations removed 20 and 1 5  mg P/L 

respectively, much less than the 45 to 50 mg P/L achieved by Comeau et al. ( 1 996) in 

their study of the SBR treatment of a fermented cheese processing wastewater. 

Phosphorus removal with the AAO and MUCT reactors was an improvement on the 

continuous reactor studies by Donkin and Russell ( 1 997) of 3 to 5 mg P/L, and that 

achieved by Leonard ( 1 996) with unaerated selectors of 6.5 to 1 0.8  mg P/L. A small 

amount of biological phosphorus removal possibly occurred in the AAO system, as 

the sludge phosphorus content was 3 .0 mg P/mg VSS. After initially seeding the AAO 

reactor with active EBPR sludge there was a progressive decrease in anaerobic 

phosphorus release during the 50 days of operation. Continuing anaerobic COD 

consumption along with decreasing phosphorus removal indicated that the P AO 

population was decreasing and that the competing organism popUlation was 
. . 
mcreasmg. 

Modifying the AAO system to an MUCT configuration, without reseeding the sludge, 

did not improve the amount of phosphorus removed over a period of 3 8  days. At the 

end of the study, the sludge phosphorus content was 2.2 % mg P/mg VSS, with 0. 1 8  

% mg P/mg VSS due to chemical phosphorus precipitation. 

Operational difficulties due to tube blockages and the low pumping rates, were 

considered in designing a zoned system that was subsequently used in Chapters 6, 7 

and 8 .  
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CHAPTER 6 

Combined Nitrogen and Phosphorus Removal 

-AAO Zoned Reactor Studies 

6.1 Introduction 

The reactor systems used in Chapter 5 did not exhibit significant EBPR thought to be 

due to the wastewater characteristics, operational instability, the long anaerobic zone 

HRT and the long overall HRT, or a combination of these. In  this chapter an improved 

reactor system was used that allowed greater system stability through the 

incorporation of multiple zones. The mixed liquor flow between the zones was 

controlled by the height of the clarifier weir and therefore did not rely on pumps and 

tubing. Pumps were only used for the influent, recycle activated sludge (RAS) and 

anoxic recycle streams (Section 3 .34). Each zone had separate aeration and mixing if 

required, which permitted any of  the ten zones to be either unaerated or aerated. The 

possibility that the wastewater characteristics were a factor in the previous systems 

lack of EBPR, was addressed by including a separate fermentation step to convert 

soluble COD to VF A (Figure 6. 1 ) . Detailed information on the EBPR and 

fermentation reactor specifications is provided in Chapter 3 .  

6.2 Reactor System 

The synthetic wastewater composition used is listed in Table 3 . 3 .  The characteristics 

of this wastewater (COD/TKN = 27.8) were the same as those shown in Table 4.2 

except that the total phosphorus concentration was decreased slightly to 98 mg P/L. 

The RAS recycle rate was 1 Q and the anoxic recycle rate was 2Q. The synthetic 

wastewater (stored at 4° C) was firstly fermented in a 1 0  litre reactor at 35°C with an 

HRT of 1 2  hours and a set pH of 6 .5 .  The fermented wastewater was collected and 

stored in a refrigerator at 4°C and then pumped at a rate of 8 l itres/day to the zoned 

EBPR reactor which was operated at a temperature of 20°C, and an HRT of 2.5 days. 

One zone was anaerobic, one zone anoxic and 8 zones aerobic, resulting in an 

unaerated fraction of 20% (Table 6.2). The actual retention time in the anaerobic zone 

was 3 hours, which is a typical maximum for systems treating domestic wastewater 

(Cloete and Muyima, 1 997). The reactor was operated at an SRT of 1 0  days. 
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A new batch of wastewater was made daily, the storage containers cleaned to prevent 

wastewater deterioration during storage, and all pump tubing was cleaned weekly. 

The schematic of the overall process is shown in Figure 6. 1 .  Photo's of the zoned 

reactor and ferrnenter are shown in Figures 6.2 and 6.3 respectively. 

Synthetic 
wastewater 
(4°C) 

.. 
... 

Fennenter 
Reactor 
(35°C) 

Fennented 
wastewater 
(4°C) 

� I ... 

r-------:. t 

'V 
EBPR Reactor & Clarifier 

° (20 C) 

Figure 6. 1 :  Schematic of laboratory treatment system. 

Table 6.1 : Reactor system operational parameters. 

Fermenter 

EBPR Reactor 

Influent 

rate(L/d) 

1 0  

8 

Temperature 
(0C) 

35  

20  

99  

RAS Anoxic 

rate Recycle 

( L/d) (L/d) 

8 1 6  

... .. 

pH 

6.5 
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Table 6.2 : Volume, number of individual zones and the HRT in the anaerobic, anoxic 

and aerobic steps along with the overall HRT. 

Anaerobic Anoxic Aerobic Overall 

Volume (litres) 2 2 1 6  20 

Number of zones 1 1 8 1 0  

Actual HR T (hours) 3 1 .5 1 2  1 6.5 

Nominal HRT (hours) 6 6 48 60 

The system was operated for a total of 1 58 days. On day 95, improved dissolved 

oxygen control was installed in the reactor. The improvement included, finer valve 

control on the aeration input into the final aerated zone to prevent oxygen intrusion 

into anaerobic zone via the RAS recycle steam. The DO in the final aerated zone was 

maintained at 0.5 mglL, while the first aerobic zone DO was controlled at 1 .5 mg O2 

IL. The other aerobic zones did not have DO control. A complete analytical study of 

each zone was performed on day 1 58 after it was felt that this particular reactor 

configuration was optimised as much as possible. 

Figure 6.2 : Zoned laboratory-scale activated sludge EBPR AAO reactor system. 
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Figure 6.3 : Influent fermentation system 

6.3 Fermenter Operation 

During the ferrnenter operation, the suspended solids concentration of the effluent 

from the fermenter varied due to the settling of solids in the storage containers. After 

80 days of operation, the fermenter effluent total COD concentration was stabilised by 

withdrawing settled solids daily from the fermenter effluent collection container. The 

soluble COD of the effluent remained relatively constant during the reactor operation 

and is shown in Figure 6.4. The individual and total VF A COD's are shown in Figure 

6.5,  with the average values summarised in Table 6.3 .  Acetic acid was the principal 

VF A generated, averaging 40.2% of the average total VF A COD of 1 1 55 mg/L. The 

composition of the fermenter effluent soluble COD « 0.45/lm) was on average 85.7% 

VFA COD. The percent acidification of the synthetic wastewater averaged 5 1  % based 

on the synthetic wastewater GFC filtered « 1 .2Ilm) soluble COD (Kasapgil et aI, 

1 995). This is slightly less than the value of 56% (based on GF/C influent soluble 

COD) in the short-term fermentation study with the same operating conditions in 

Section 4.4. 1 (Table 4.6). Fang and Yu (200 1 ), obtained a value of 57. 1 % for a dairy 

processing wastewater with a COD of 2000 mglL, and a reactor HRT of 1 2  hours. 
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Figure 6.4: TSS and COD profile during reactor operation of fennenter effluent. 
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Figure 6.5: VF A COD fractionation, total VF A COD and % acidification of 

fennenter effluent. 
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Table 6.3: Fermented wastewater VF A COD concentrations and proportions of total 

VF A and soluble COD<0.45Ilm. 

COD (mgIL) % Total VFA COD % Fermenter Effluent 

COD « O.45flm) 

Acetic acid 464 40.2 34.4 

Propionic acid 1 76 1 5 .2 1 3 .0 

n-Butyric 246 2 1 .3 1 8 .3 

iso-Butyric 47 4 .0 3 .5  

n-Valeric 1 47 1 2 .7  1 0.9 

iso-Valeric 76 6.6 5 .6 

Total VF A COD 1 1 55 85 .7  

Fermeneter Effluent 1 345 « 0A5�m) 

6.4 Zoned BNR Reactor Operation 

The 1 58 day operation of the reactor are described in this section. The D.O. control 

improvement with the installation of the different aeration valve on zone 1 0, started 

from day 95.  The anaerobic, anoxic and aerobic zones all had similar MLSS 

concentrations during most of the reactor operation (Figure 6.6). After the addition of 

improved D.O. control the reactor MLSS decreased from about 3 500 mg/L to 2500 

mg/L, most likely due to the TSS concentration of the fermented effluent decreasing 

as previously shown in the TSS and total fermented effluent COD trend in Figure 6.4. 

The F/M ratio averaged 0.36 g COD/g VSS based on the fermented wastewater total 

COD and 0.2 1 g COD/g VSS based on the fermented wastewater soluble COD. 

The COD profile for each zone during the reactor operation is shown in Figure 6 .7 .  

The soluble COD in the anaerobic zone varied between 320 and 55 mg/L and 

averaged 1 75 mg/L. An average of 520 mg/L of soluble COD was consumed in the 

anaerobic zone. If an amount of soluble COD equal to the soluble final effluent COD 

is approximated as the inert soluble fraction, then an average of 80% of the 

biodegradable soluble COD was consumed in the anaerobic zone. The soluble COD 

consumed in the anoxic zone based on a daily COD mass balance averaged 20 mg/L 

COD and ranged from -1 l .5 to 55.5 mg COD/L. The negative value suggests that 
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soluble COD has been formed during further hydrolysis in this zone. This increase in 

soluble COD within the anoxic zone/phase was also noticed by Thayalakumaran 

(2003) during the treatment of meat processing wastewater in a combined nitrogen 

and phosphorus S BR system and was attributed to the hydrolysis of residual 

particulate material . 

The SVI (Figure 6.8) decreased to 73 after 29 days and then ranged between 1 30 and 

54. There were no settling problems experienced during the reactor operation. The 

SVI averaged 1 08 during the total 1 58 days of reactor operation, but averaged only 78 

after day 29.  The SVI achieved in this section was much lower than obtained in 

previous continuous activated laboratory studies with a similar wastewater (Donkin 

and Russell, 1 997; Leonard , 1 996). 
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::;- 4000 
en I/) .... 
f 3000 

I/) I/) 
i 2000 

1 000 

improved D.O. 
__ Control (day 95) 

O+-----_.------,_------,------r----�,_----_.------,_----� 
o 20 40 60 80 

Day 

1 00 1 20 

� Ferm. effluent --e-Anaerobic --fr- prim. Anoxic -a- Aerobic 

Figure 6.6: TSS profile during zoned AAO reactor operation 
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Figure 6.7: COD profile during reactor operation in the anaerobic, anoxic and last 

aerobic zone. 
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Figure 6.8: SVI variation during reactor operation. 
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The effluent nitrate concentrations varied between 0 and 1 9.3 mg N03-N/L and 

averaged 6 .5  N03-N/L (Figure 6.9), which was similar to effluent concentration in the 

preliminary AAO study in Chapter 5 .  The concentration peaked at day 85 and then 

steadily decreased after the installation of improved 0.0. control on day 95. Nitrate 

concentrations in the anaerobic and anoxic zones were undetectable. The effluent 

nitrate concentrations did not appear to significantly inhibit the biological phosphorus 

removal process as shown in the fol lowing results on phosphorus removal . 

25 

20 

...J 1 5  

� 
o z 
Cl 
E 1 0  

5 

o 20 40 60 80 

Date 

1 00 1 20 1 40 

Figure 6.9: Effluent nitrate concentrations during the reactor operation. 

1 60 

The amount of phosphorus removal was initially moderate and then improved after 

the improved D.O. control system was added on day 95 (Figure 6. 1 0). The high 

soluble phosphorus concentration in the anoxic zone from days 1 05 to 1 1 9 (Figure 

6. 1 0) occurred after the 0.0. concentration in zone 1 0  was stabilised at 0.5 mg/L 

which resulted in less oxygen being transferred to the anoxic recycle stream, which 

stimulated phosphorus release (Figure 6.7). After the initial seeding of the reactor 

the phosphorus content of the aerobic sludge decreased from 7 %mg P/mg VSS to 3 

%mg P/mg VSS, and after day 95 the phosphorus content increased markedly (Figure 

6. 1 1 ). After day 56 when increased anaerobic phosphorus release started, an average 

of 34 mg P/L of phosphorus was removed (based on the fermented effluent) with a 

maximum of 4 1 .5 mg P/L removed on day 1 05 (Figure 6. 1 2) .  After day 95, the 
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reactor removed an average of 36.3 mg P IL. The ratio of anaerobic phosphorus release 

to COD consumed averaged 0.04 during the reactor operation. 
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Figure 6.1 0:  Phosphorus concentrations during the reactor operation. 
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Figure 6.1 1 :  Sludge phosphorus concentration in the final aerobic zone during the 

reactor operation. 
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Figure 6. 12 :  Phosphorus removal during the reactor operation, based on both the 

fermented effluent total phosphorus (TP) and soluble phosphate (P04-P). 
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Figure 6. 13 :  Anaerobic zone PHA, PHB and PHV concentration during the reactor 

operation. 
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The amount of intracellular PHA stored during in the anaerobic zone reached a 

maximum on day 1 1 2 (coinciding with the increased phosphorus release). Both PHB 

and PHV were present due to the mixed VF A content of the influent. PHB was the 

principal PHA compound (56%). Satoh et al. ( 1 992) operated a continuous reactor fed 

with a mixture of acetate and propionate and found that in  batch tests with this sludge 

that acetate formed predominately PHB while propionate formed mostly PHV under 

anaerobic conditions. 

6.4.1 Zone Analysis 

On day 1 58 a detailed analysis of each zone was undertaken, as the system was well 

established. This provided an instantaneous picture of each zone and the sequential 

EBPR process through the reactor. The TSS concentration was relatively constant 

across the reactor (Figure 6. 1 4), and ranged from 2380 mglL in zone 1 to 2585 mg/L 

in zone 1 0. The VSS/TSS ratio in the first zone was 0.828 and in the final zone was 

0 .768 .  The decrease in VSS/TSS reflected the increase in the cellular polyphosphate 

content due to phosphorus uptake. 

The soluble COD consumed in the anaerobic zone was 483 mg COD/L at a rate of 82 

mg COD/g VSSIh, and the soluble COD was almost completely utilised by zone 3 

(Figure 6. 1 5). Soluble COD consumption in the anoxic zone amounted to only I mg 

COD/L. Hydrolysis of particulate material may have occurred in this zone affecting 

the soluble COD mass balance. A mass balance calculation of the VF A consumption 

within these two zones shows that 450 mg COD/L and 1 9  mg COD/L of VF A were 

consumed within the anaerobic and anoxic zones respectively .  The difference between 

the soluble COD and VFA consumption in the anaerobic zone (483-450) was 33 mg 

COD/L. This difference is most likely due to a combination of: 1 )  the hydrolysis of 

particulate material ; 2) consumption of non-short chain VFA soluble compounds; 3) 

mass balance errors; and the production of microbial inert soluble COD. The 

difference of minus 1 8  mg COD/L (CODsoluble-VFA COD) within the anoxic zone ( 1 -

1 9) is most likely due to both the hydrolysis of particulate substrate to soluble non­

VF A COD and experimental error in the mass balance. This emphasises the potential 

difficulty in obtaining accurate COD mass balances in the anaerobic and anoxic 

zones, when treating a mixed substrate wastewater containing particulate material. 
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Soluble phosphorus concentrations decreased until zone 9, with the greatest rate of 

phosphorus uptake in zones 3 and 4 (Figure 6. 1 5), of 2.2 and 4 .8  mg Pig VSSIh 

respectively. Figure 6 . 1 6  shows the net phosphorus uptake in each zone. Zones 1 and 

2 exhibited net phosphorus release (negative uptake) of 24.2 and 1 5 . 1  mg PJL 

respectively, which equates to a phosphorus release rate of -4. 1 and -5 . 1  mg Pig 

VSSIh respectively. The ratio of phosphorus released to both soluble COD and VF A 

COD consumed in the anaerobic  zone was 0.04 mg Pig COD. This is much lower than 

the value of 0.22 mg Plmg COD used in the EBPR model of SBR treatment of a 

fermented cheese processing effluent by Ky et al. (200 1 ). The phosphorus content of 

the biomass reached a maximum of 7.4 % mg P/mg VSS by zone 5 (Figure 6 . 1 7) and 

then levelled off, which correlated with the VSS/TS S  ratio levelling off by zone 5 

(Figure 6 . 1 4) .  The final aerobic zone sludge concentration was 6.99 %mg P/mg VSS.  

The sludge phosphorus content of the anaerobic and anoxic zones was 3 .65 and 4 .34 

% mg P/mg VSS respectively. These two values suggest that there was potential for 

more phosphorus release in both the anaerobic and anoxic zones on the day of this 

analysis. A total of 37.6 mg P/L was removed at the time of the zone study. 

Nitrification was complete by zone 5 when nitrate reached a maximum concentration 

of 4.5 mg NOJ-N/L (Figure 6. 1 8), with an average nitrate concentration of 1 .5 mg 

NOJ-N/L in zones 3, 4 and 5. Nitrite as an intermediate product of nitrification 

reached a maximum of 1 . 1  mg N02-N/L in zone 4 after which it decreased to zero in 

zone 6 and remained at zero in subsequent zones. Neither nitrate nor nitrite was 

detected in the anaerobic or anoxic zones. The aerobic nitrate concentration in this 

study was 53% of the average nitrate concentration in the preliminary unfermented 

AAO system in Chapter 5 .  
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Figure 6.14: TSS concentration and VSS/TSS ratio for each zone on day 1 58 .  
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Figure 6. 15 :  Soluble COD and P04-P decrease through each zone on day 1 58 .  
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Figure 6.20 :  Our uptake rates (OUR) and specific oxygen uptake rates (SOUR) in 

each aerobic zone. 

The intracellular PHA storage concentration reached a maximum in the anaerobic 

zone (zone 1 )  of 43 .8  mg COD/g TSS and the anoxic zone (zone 2) of 46.5 mg 

COD/g TS (Figure 6. 1 8). The storage of PHA in the anoxic zone supported the 

previous phosphorus calculations that showed that phosphorus release occurred in the 

anoxic zone, and that this zone essentially acted as a second anaerobic zone. The PHA 

production rate in zone 1 was 1 5 . 1  mg COD/g VSS/h and 3 5  mg COD/g VSS/h in 

zone 2 .  The fraction of total PHA present as PHB was 68.9% in zone 1 and 55% in 

zone 2 then ranged between 52 . 1 %  and 5 8.5% in the subsequent zones. The 

significant fraction of PHA present as PHV is a result of the multiple VF A 

components in the fermented influent (Satoh et al., 1 992), as acetate was only 36  % of 

the total VF A COD. The ratio of anaerobic PHA stored to VF A COD consumed was 

0.2 mg COD/mg COD. The total PHA concentration decreased to 5 mg COD/g TS by 

zone 1 0. Glycogen was measured in zones 1 , 2, 6, 8  and 1 0, was 79 mg COD/g TS in 

zones 1 and 2, and increased to 95 mg COD/g TS in zone 1 0. The amount of glycogen 

used in the anaerobic and anoxic zone was 1 00.6 mg COD/L and 28.5 mg COD/L 
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respectively. The amount of anaerobic glycogen consumed to VF A COD consumed 

was 0.22 mg COD/mg COD. 

Respirometry was used to measure the oxygen uptake in each aerobic zone (3 to 1 0) 

and the results are shown in Figure 6.20. A sharp drop in the OUR and SOUR (Figure 

6.20) occurred when the amount of phosphorus uptake decreased in zone 5 .  At this 

stage oxygen is used mainly for glycogen synthesis (Figure 6 . 1 9), growth and 

maintenance (Smolders et al., 1 994). The main individual zone parameters for each 

zone are shown in Table 6.4. 

6.4.2 Batch Test 

A phosphorus release and uptake batch test of the mixed liquor was done by adding 

200 mg COD/L of sodium acetate to 2 litres of mixed liquor taken from the final zone 

of continuous reactor (once the dissolved oxygen was equal to zero). The mixed 

liquor was stirred and purged with nitrogen gas during the 240 minute anaerobic 

phase followed by a 240 minutes aerobic phase. Samples were collected at 30 minute 

intervals and filtered using 0.45 /lm filter paper. Total and volatile solids were 

measured at 30  minute intervals. The initial VSS concentration was 2 1 75 mglL with 

an initial sludge phosphorus concentration of 6.6 %mg P/mg VSS. There were three 

different rates of COD utilisation of 32.8,  1 0 .2 and 6.2 mg COD/g VSSIh respectively 

(Figure 6.2 1 ). The initial nitrate concentration was 5 .7  mg N03-N/L, which 

contributed to some of the initial COO utilisation. If the initial high rate of COD 

utilisation is corrected for the COD utilised by denitrification (4 mg COO/mg N03-

N), then the initial rate of COD consumption decreases to 22.4 mg COO/g VSSIh. 

The initial and second phosphorus release rates were 4 .5  mg Pig VSSIh and 2.3 mg 

Pig VSSIh respectively (Figure 6.2 1 ). The COD consumed to phosphorus released 

ratio was 0.34 mg P/mg COD. The initial phosphorus content of the sludge was 6 .57 

% mg P Img VSS and decreased to 3 .7% at the end of the anaerobic zone. This value 

of 3 . 7  % was very close to the zone analysis anaerobic  zone value of 3 .65%. The 

initial VSS/TSS ratio was 0.759 and increased to 0 .834, a decrease of 7.5% in the ash 

content of the sludge. 
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In the aerobic phase, there were three different rates of phosphorus uptake of 6.2, 4.5 

and 1 .2 mg Pig VSSIh. The sludge phosphorus content at the end of the aerobic phase 

was 6.88 % mg Pig VSS, slightly greater than the initial value at time zero of 6.57 %. 

At the end of the aerobic phase, the VSS/TSS ratio was 0.76, similar to the initial 

value of 0.76. This overall net increase in the sludge phosphorus content and the ash 

content was reflected in the overall net decrease in the soluble phosphorus 

concentration of 1 .9 mg P/L. 

Due to a loss of frozen samples for PHA analysis because of refrigeration failure, only 

glycogen was able to be determined up to 420 minutes. There was a net glycogen 

decrease in the anaerobic phase of 2 1 .6 mg COD/g TS and then an increase through 

the aerobic phase of 40 mg COD/g TS up to 420 minutes. This was an overall 

glycogen increase of 1 8 .4 mg COD/g TS. The specific oxygen uptake rate (SOUR) 

was initially high due to a small amount of remaining acetate and then gradually 

decreased along with the phosphorus uptake rate and glycogen synthesis .  The values 

of the batch test parameters are shown in Table 6 .5  for the start of the anaerobic phase 

(t =0), end of the anaerobic phase (t=240) and end of the aerobic stage (t=660). 
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Figure 6.21 : Phosphorus release/uptake and acetate uptake during the batch test with 

acetate as sole carbon source. 
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Figure 6.22 :  Specific oxygen uptake rate (SOUR) and phosphorus release/uptake 

during batch test. 
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Figure 6.23 : VSS/TSS ratio and phosphorus release/uptake during batch test. 
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Figure 6.24: Glycogen, sludge phosphorus content and soluble phosphorus profiles 

during batch test. 

Table 6.S : Analytical parameters at time 0, 1 80, and 660 minutes for the batch test for 

1 0  day SRT AAO system. Glycogen concentration is given for 420 minutes instead of 

600 minutes. 

Time 

Parameter o minutes 240 minutes 660 minutes 

P04-P (mg P/L) 7 l . 1  1 32.3 69.2 

Acetate COD (mglL) 1 98.7 20.5 0 

VSS (mglL) 2 1 75 22 1 0  2 1 05 

VSS/TSS 0.759 0.834 0.760 

%mg P/mg VSS 6 .57 3 .70 6.74 

Glycogen (mg COD/g TS) 54.0 32.4 72.4 (420 minutes) 

OUR(mg 02/LIh) 47.4 9.6 

SOUR mg 02/g VSSIh) 2 1 . 5 4.6 
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6.5 Extended Anaerobic Retention Time Test 

6.5.1 Extended Anaerobic HRT AAO (EAAO) Reactor Zone Study 

The reactor configuration tested in Section 6.3 was altered slightly by making the first 

two zones anaerobic and the third anoxic, which resulted in the number of aerobic 

zones decreasing from 8 to 7. This was the only change that was made to the reactor. 

The reason for increasing the anaerobic volume fraction from 1 0% to 20% was to 

determine if the increased anaerobic retention time would result in significantly 

greater anaerobic VF A uptake and phosphorus removal. In the previous study VF A 

were detected in both the anaerobic and anoxic zones, and the anoxic zone displayed 

phosphorus release and essentially acted as a second anaerobic zone. The extended 

anaerobic zone system was operated for a total of 40 days at an SRT of 1 0  days (4 

SRT's duration) before a full zone study was performed on the reactor. As this system 

was operated with an AAO configuration but with an extended anaerobic HRT, it is 

called an EAAO system in this thesis. Based on literature information there was also a 

possibil ity that extending the anaerobic zone HRT could lead to phosphorus removal 

deterioration. Satoh et al. ( 1 994), had previously identified that GAO organisms may 

be preferred under both extended anaerobic and aerobic conditions as polyphosphate 

is chemically more unstable than glycogen. 

The TSS concentrations varied between 3270 and 3635 mglL through the zones 

(Figure 6.25). There was a slight decrease from the first anaerobic zone to the second 

anaerobic zone of 365 mglL and then a slight increase in the last three aerobic zones. 

The VSS/TSS ratio increased from zone 1 (0.86) to zone 2 (0.88), reflecting a further 

decrease in the cel lular polyphosphate content as continued anaerobic EBPR activity 

occurred. As the cel lular polyphosphate content increased during aeration the 

VSS/TS S  concentration decreased to 0.8 1 in zone 1 0. The VSS/TSS ratio increased in 

zone 8, due to a small decrease in the sludge phosphorus concentration in this zone. 

The main change from the previous single anaerobic zone reactor was that the ash 

content of the sludge decreased by 7 .5% through the reactor as opposed to 6 .0% with 

the previous configuration. 

The soluble COD in zone 1 was 2 1 0  mglL and decreased to 60 mg/L in zone 2. The 

amount of soluble COD consumed was 465 mg/L in zone 1 and 1 50 mg/L in zone 2, 
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which implies that most of the COD consumption occurred in zone 1 in the first three 

hours. The VF A consumed in zone I of 429 mglL was slightly less than the soluble 

COD consumed (465 mglL). This difference of 36  mg/L between soluble COD and 

VF A consumption as with the previous system, could be due to further fermentation, 

consumption of non-VF A compounds or mass balance errors. The VF A consumed in 

zone 2 of 1 50 mglL matched the soluble COD consumption. The COD consumption 

rates were 24.7 and 8.7 mg COD/g VSS/h in the anaerobic  zones l and 2 respectively. 

In the anoxic zone, there was only a small amount of COD consumption ( 1 7  mglL), 

which was almost equal to the VFA consumed ( 1 9  mglL). 
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Figure 6.25: EAAO system TSS concentrations and VSS/TSS ratio profiles. 
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Figure 6.26: EAAO system soluble COD and soluble phosphate zone concentrations. 

The soluble phosphorus profile (Figure 6.26) varies from the previous system in that 

phosphorus release occurred in three zones. The greatest amount of release occurred 

in zone 1 (-29.9 mg/L), with a small amount occurring in zone 2 (-3 .5  mg/L) and zone 

3 (-8 .3 mg/L) (Figure 6.27). This amount of release equated to rates of 3 .2, 0.4 and 1 .9 

mg Pig VSSIh in zones 1 ,  2 and 3 respectively. Phosphorus uptake was greatest in 

zone 4 the first aerobic zone ( 1 7 .3  mg/L) and was essentially complete by zone 6. The 

specific rate of phosphorus uptake in zone 4 was 3 .9  mg Pig VSSIh and in zone 5 was 

3 .0  mg Pig VSSIh. The sludge phosphorus content i s  shown in Figure 6.28, where the 

maximum value was 5 .6 1  %mg Plmg VSS in zone 1 0. Based on the amount of 

phosphorus removed each day and the daily amount of VSS wasted, a mass balance 

gives the theoretical sludge phosphorus content value for zone 1 0  calculated as 5 .45 

% mg P/mg VSS, close to the analytical value. Near maximum phosphorus release 

appears to have occurred by zone 2 as the sludge phosphorus content of 2.3 1 %mg 

Plmg VSS is typical of a non-EBPR sludge while the value of 2.43 %mg P/mg VSS in 

zone 1 was slightly greater. The sludge phosphorus content showed an increase in the 

final two zones but did not result in further soluble phosphorus removal in these two 

zones. A total of 4 1 .3 mg P/L of phosphorus was removed at the time of the zone 
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study from a fennented wastewater concentration at the time of the study of 1 02 mg 

P/L. 
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Complete denitrification occurred in zone 3 as the nitrate and nitrite concentration 

was zero in the anoxic zone. Although the non-aerated fraction of the reactor was 

increased by 1 0  %, nitrification was stil l  active (Figure 6.29), with both the nitrate and 

nitrite concentrations in the final aerobic zone slightly higher than for the previous 

system (6.2 mg N03-N/L and 1 .9 mg N02-N in zone 1 0). This aerobic zone nitrate 

concentration was only 2.4 mg NIL less than for the unsuccessful AAO study in 

Chapter 5 ,  suggesting that the effluent nitrate concentration was not a factor in the 

lack of EBPR for that system. 

The aerobic respiration rates are shown in Figure 6.30. The first aerobic zone (zone 4) 

was 28.2 mg 02/g VSSIh compared to the previous system with the smaller anaerobic 

fraction where it was 1 3 .5 mg 02/mg VSSIh. This is unusual as the soluble COD 

flowing through from the previous zone (zone 3) was 20 mg/L in this extended 

anaerobic zone system and 1 04 mg/L in the previous system. The reason is most 

likely due to extra storage of PHA (not measured due to sample loss) from increased 

COD consumption. The amount of phosphorus removal was 4 1 .3 mg P/L for this 

EAAO system compared to 37.6 mg P/L with the previous AAO configuration at the 

time of the zone study. 

8.--------------------------------------------------------. 

7 

6 

:J" 
0, 5 .s 
z 
6' 4 
z 
� 3  
o z 

2 

0 
ID 
c: 
0 

N 

N C') Cl) Cl) 
c: c: 
0 0 

N N 

...... Nitrate 

"<t Il"l <0 r--Cl) Cl) Cl) Cl) 
c: c: c: c: 
0 0 0 0 

N N N N 

Zone 
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Figure 6.30 : EAAO system nitrate and nitrite concentrations. 

6.5.2 EAAO Anaerobic Batch Test 

--+- OUR 

• • 

(J) 0 Ql Qi c 
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After the EAAO zone study, an anaerobic only batch test was performed to determine 

the rates and duration of phosphorus release with acetate used as the substrate. The 

amount of sodium acetate added was 500 mg/L, with a COD equivalence of 533 mg 

COD/L. The mixed liquor was continuously mixed and purged with nitrogen during 

the batch test, with the acetate added when the dissolved oxygen was measured as 

zero. The duration of the batch test was 480 minutes (8 hours), two hours longer than 

the combined 360 minute retention time of both anaerobic zones in the continuous 

reactor system. Samples (20 mL) were collected at 60 minute intervals and 

immediately filtered with 0.45 /lm filter paper. The initial TSS concentration was 

1 8 1 5  mg/L, which was about half what was present in the reactor. This concentration 

of TSS was obtained by withdrawing 1 litre of mixed liquor from the final aerobic 

zone and diluting it with 1 litre of clarifier effluent. It was decided that withdrawing 1 

litre of mixed liquor would not have too much impact on the continued reactor 

operation. The concentration of phosphorus, nitrate, and acetate were measured during 

the batch test and are shown in Figure 6.3 1 (nitrite was undetectable). 
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A total of 226 mg/L of acetate COD was consumed, at two rates of 25.2 and 8 .4 mg 

COD/g VSSIh, which are very similar to the rates for the single anaerobic zone 

(AAO) batch test. The COD consumption rate in the anaerobic zone of the continuous 

reactor was calculated as 24.7 mg COD/g VSSIh, which is also similar to the first high 

rate calculated in thi s  batch test. The second slower COD consumption rate of 8 .4 mg 

COD/g VSSIh is also similar to the continuous reactor second anaerobic zone rate of 

8 .7  mg COD/g VSSIh. 

For an influent VFA concentration of 1 270 mg COD/L, a consumption rate of 22.8 

mg COD/g VSSIh and a VSS concentration of 3 1 40 mg/L a theoretical retention of 

4.4 hours would be required for complete VF A uptake in the zoned reactor. As seen 

from the data although the 2-zone retention time was greater than 4.4 hours, there was 

still some residual VF A in zone 2 as the COD consumption rate in this zone was 

much slower. This shows that although the fermenter effluent, on the day of the zone 

study, consisted of only 37% acetic acid, the COD consumption rate was similar to 

the batch test which used only acetate over the six hour period. The majority of the 

available COD was consumed in the first 3 hours for both the batch test (62%) and the 

continuous reactor (67%). 

A total of 44.7  mg/L of phosphorus was released at two rates of 3 .9  and 1 .0 mg Pig 

VSSIh. The COD consumed to phosphorus released ratio was calculated as 0.20 mg 

P/mg COD, less than that for the previous AAO batch test of 0.34 mg P/mg COD. 

Phosphorus release in this batch test was complete after 360 minutes, the same as the 

anaerobic time available in one anaerobic zone in the continuous reactor. When 

considering only the two continuous reactor anaerobic zones, 89% of phosphorus 

release occurred in the first anaerobic zone, compared to 73% of the phosphorus 

release occurring in the first three hours of this batch test. 
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Figure 6.3 1 :  Anaerobic batch test using sludge from EAAO. 

6.6 Discussion 

The reactor performance in terms of achieving phosphorus removal was optimised by 

careful reactor design and operation. The reactor design both maximised the 

operational stability and minimised dissolved oxygen entry into the anaerobic and 

anoxic zones. The suitability of the synthetic dairy wastewater was also improved by 

the addition of a fermenter to produce VF A prior to the EBPR reactor. A maximum of 

44.6 mg P/L of phosphorus was removed, showing that a system could be designed to 

remove a large amount of phosphorus from this synthetic dairy processing 

wastewater. Figure 6.32 shows the theoretical amount of phosphorus that could be 

removed based on mass balance calculations for different sludge phosphorus 

concentrations, different mixed liquor concentrations at an SRT of 1 0  days. The lines 

on Figure 6.32 for a mixed liquor concentration of 2000 mg VSS/L and a sludge 

phosphorus concentration of 7 .0  mg PNSS equate to 35 mg P/L of phosphorus 

removal . This value is very close to the value of 37  mg P/L removed on day 1 59 of 

the AAO system when the zone study was performed, at this time the ML VSS was 

1 985 mg VSS/L and the sludge phosphorus concentration was 6.99 %mg P/mg VSS. 

A sludge phosphorus concentration of 7 %mg P/mg is typical of an EBPR process 

with good phosphorus removal performance. Unless a greater sludge phosphorous 
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content could be achieved on a consistent basis then it would be very difficult to 

remove more phosphorus than achieved with the initial single anaerobic zone system. 

When the dissolved oxygen control was improved in the final zone (day 96) and the 

reactor stabilised then the final aerobic zone VSS concentration varied between 1 830 

and 2365 mg VSS/L. For a sludge phosphorus concentration of 7 % mg P/mg VSS 

this equates to between 32 and 4 1  mg P/L of phosphorus removal . It is unlikely that a 

higher concentration of VF A n the fermenter effluent would further improve the 

amount of phosphorus removal, as excess soluble COD was available in the anaerobic 

zone. In fact on day 1 59, when the zone analysis was performed, 1 59 mg COD/L of 

VF A was detected in the anaerobic zone and 53 mg COD/L of VF A was detected in 

the anoxic zone. When Comeau et al. ( 1 996), operated a pilot scale SBR at a 20 day 

SRT treating fermented cheese-processing wastewater containing 1 3 1 0  mg COD/L as 

VF A's,  about 40 to 50 mg P/L of phosphorus was claimed to be removed. The exact 

level of phosphorus removal was difficult to accurately calculate due to the variable 

influent characteristics. On day 1 9 1  when Comeau et al. ( 1 996), performed their cycle 

analysis, the MLVSS was 2870 mg VSS/L and the sludge phosphorus content was 7.6 

% mg P/mg VSS. About 45 mg P/L of phosphorus was removed by the SBR on this 

day. 

For the extended anaerobic zone system after 40 days of operation, at an SRT of 1 0  

days, the VSS concentration averaged 2890 mglL in the reactor with a final aerobic 

zone sludge phosphorus content of 5 .6 1 % mg P/mg VSS. While this value of 5 .6 1 is 

less than the single anaerobic zone system of 6.99 % mg P/mg VSS, the mixed liquor 

VSS concentration in the final aerobic zone (2930 mglL) was 1 .48 times greater. The 

amount of phosphorus removal for the EAAO system increased to 4 1  mg P IL 

compared to 3 7  mg P/L for the single anaerobic zone system on the days of the 

respective zone studies. The theoretical amount of phosphorus removed with an 

aerobic sludge of 5 .6  % mg P/mg VSS and 2930 mg VSS/L is 4 1  mglL (Figure 6.30) .  

I t  is difficult to quantify why the VSS concentrations in the extended anaerobic zone 

system were greater than the single zone system. The reason is most l ikely related to 

the fact the specific oxygen uptake rate (SOUR) in the final zone for the extended 

anaerobic zone system was 1 0.5  mg 02/g VSS/h as opposed to 5 . 1 mg 02/g VSSIhr 

for the single anaerobic zone system. Generally the respiration rate for each aerobic 
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zone of the extended anaerobic zone system was twice that of the single anaerobic 

zone system, which means that the rate of cell lysis would be less for the extended 

system resulting in a higher biomass concentration. This suggests that there may be 

some merit in decreasing the aerobic HRT, although conversely increasing the 

anaerobic HRT had only minimal benefit in the medium tenn (40 days operation). It is 

fair to say that long tenn operation of the EAAO system may have generated different 

results. The high amount of anaerobic zone 2 COD consumption but the low amount 

of phosphorus release (Y p04=0.02) possibly indicates a potentially slow but 

progressive deterioration in EBPR due to the growth of organisms able to compete for 

COD under anaerobic conditions such as GAO's. Satoh et al. ( 1 994,) found that 

during long anaerobic storage periods of the reserve material (PHA) glycogen may be 

preferred to polyphosphate by certain microorganisms because glycogen is more 

stable, resulting in the growth of competing GAO's. 
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Figure 6.32 : Theoretical phosphorus removed as a function of sludge phosphorus 

concentration for individual mixed liquor VSS concentrations for a reactor at an SRT 

of 1 0  days. 
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Table 6.7: Anaerobic and anoxic COD and VFA consumption and phosphorus release 

values for the single anaerobic zone AAO system (AAO) and for the extended 

anaerobic zone AAO system (EAAO). 

COD consumed VF A consumed Phosphorus released 

(mg/L) (mg/L) (mg/L) 

AAO EAAO AAO EAAO AAa EAAO 

Anaerobic zone 1 483 465 450 429 24.2 29.9 

Anaerobic zone 2 1 50 1 50 3 . 5  

Anoxic zone 1 7  1 9  1 9  1 5 . 1  8 .3  

Total 484 632 469 598 39.3 4 1 .3 

The amount of COD consumed and phosphorus released in each unaerated zone is 

shown in Table 6.7. The COD consumed and phosphorus released in the first 

anaerobic zone was similar for each system, with slightly more phosphorus release in 

the EAAO system. The most significant variation was in the anoxic zone of the AAa 

system, which exhibited more phosphorus release, yet consumed the same amount of 

VF A COD. There was phosphorus release in both anoxic zones, which suggests that 

maintaining an anoxic zone is beneficial with this particular reactor configuration, as 

it results in further VF A consumption and PHA storage. The extra phosphorus release 

in the anoxic zone was most likely due to polyphosphate release from 'fresh' biomass 

recycled via the aerobic-anoxic recycle stream. The unusual aspect of the extended 

zone system was that while a relatively small amount of phosphorus was released in 

the second anaerobic zone a relatively large amount of COD was consumed, with a 

YP04 value of only 0.02. The stoichiometric relationships between phosphorus release, 

VF A consumed, PHA and Glycogen are shown in Table 6.8, for zones 1 and 2 of the 

continuous AAO reactor on the day of the zone study. Only phosphorus release and 

COD consumed ratio's  are shown for the EAAO reactor and for both batch tests. The 

values for the batch test provide stoichiometric values with a single substrate carbon 

source (acetate) that can more easily be compared to other single substrate literature 

values. 
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The theoretical stoichiometric relationship between phosphorus release and COD 

uptake under anaerobic conditions has different theoretical values depending on the 

model used. Wentzel et al. ( 1 99 1 ), predicted a theoretical value of 0.48mg P/mg COD 

( 1 .0 mol P/mol acetate), while the ASM2 model (Henze et al. , 1 995) gives a typical 

value of 0.4 mg P/mg COD. The value will also vary depending of the VF A used or 

the mixture of VFA's used. Abu-ghararah and Randall ( 1 990), reported values 

ranging from 0.37 mg P/mg COD for acetic acid to 0 . 1 2  mg P/mg COD for propionic 

acid, with other short chain VF A's  with ratios in between this range. Based on VF A 

COD consumption only, low values of 0 .06 and 0.07 mg P/mg VF A COD were 

obtained for zone 1 of both the AAO and EAAO continuous reactors for the mixed 

VF A influent used. As mentioned the value of Y P04 obtained for the second anaerobic 

zone of the EAAO reactor was even lower at 0.02. In the second anaerobic zone the 

phosphorus release rate was much lower than for first zone (0.4 compared to 3 .2  mg 

Pig VSS/h). 

This was also seen in the EAAO batch test, were the two rates of phosphorus release 

were 3 .9  and 1 .0 mg Pig VSS/h respectively. In the EAAO batch test two stage YP04 
values were obtained of 0.23 and 0. 1 2  mg P Img COD respectively with an overall 

value of 0. 1 9  mg P/mg COD. The batch test with the single anaerobic zone AAO 

sludge had a single YP04 value of 0.34 mg P/mg COD, as the anaerobic phase was 

only 1 80 minutes duration with just a single phosphorus release rate. The ratio for this 

batch test was much closer to the previously mentioned literature values. By using the 

data obtained from the SBR pilot scale trial with fermented cheese processing 

wastewater by Comeau et al. ( 1 996), a phosphorus release to soluble COD consumed 

ratio of about 0.07 was obtained. Possible reasons for the low YP04 ratio in the 

continuous reactor studies in this chapter are; the mixed VF A source, further 

fermentation occurring within the anaerobic zone, the partial consumption of VF A 

during denitrification, and the possible presence of organisms such as GAO's that can 

competitively sequester substrate under anaerobic conditions. Ky et al. (200 1 ), in 

calibrating a model for the EBPR process from a fermented cheese whey effluent 

determined that a value of 0.22 mg P/mg acetate COD, was required for successful 

model calibration. This was attributed to the mixed VF A source and the presence of 

GAO's. Cech and Hartman ( 1 993), observed that GAO's can take up organic 
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substrates without using polyphosphate and that the Preleased/CODconsumed ratio 

decreases as the relative dominance of GAO bacteria increases. Tasli et al. ( 1 997), 

established EBPR using an SBR with an influent of 80% Tryptone Soya Broth (TSB) 

and 20% acetate, that resulted in an mixed liquor phosphorus content of 1 5% mg 

P/mg VSS and a Preleased/CODconsumed ratio of 0.26. When the acetate was replaced 

with glucose, a substrate that can favour the growth of GAO's, the 

Preleased/CODconsumed ratio decreased to 0. 1 5 . A value of 0.70 mg P/mg COD was also 

obtained from a batch test using mixed liquor with a sludge phosphorus content of 

1 4.2 %mg P/mg VSS from one SBR trial in which the actual SBR operating ratio was 

0.22. The amount of glucose was further increased to 50% (the TSB was decreased to 

50%), and the Preleased/CODconsumed ratio decreased to 0.095. There was no significant 

variation or decrease in anaerobic COD utilisation during these changes in influent 

composition, which was attributed to the fact that the proportion of GAO's had 

increased when acetate was replaced with glucose. 

Oehmen et al. (200 1 ), performed batch tests with acetate as the sole carbon source 

using mixed l iquor from six full scale Australian EBPR treatment plants and also 

performed microscopic identification of bacteria. The Preleased/CODconsumed ratio's 

varied from 0.05 to 0.23 mg COD/mg P, which equated to between < 1 %  to 1 2% of 

bacteria that were identified as a type of GAO called Competibacter. The value of 

0.34 mg P/mg COD obtained from the batch test of the AAO system in this study, 

with acetate as the sole carbon source, is greater than the highest value obtained by 

Oehmen et al. (200 1 ), of 0.23 . Oehmen et al. (200 1 ), identified only a small amount 

of GAO's as being present at the treatment plant with YP04 value of 0.23 . The ratio of 

0.34 obtained from the AAO batch test is close to the value of 0 .37  calculated by 

Abu-ghararah and Randall ( 1 99 1 ), when using acetic acid. This suggests that the 

presence of GAO's were not significant in the single anaerobic zone AAO system 

study, but more were more significant in the EAAO were the value of  Y P04 generated 

from the batch test was O. 1 9 . 

Smolders et al. ( 1 994), also attributed a variation in the ratio of anaerobic phosphorus 

release to VFA uptake ratio to varying pH values, with higher ratio' s  obtained at 

higher pH values. The pH in zone 1 for the AAO and EAAO continuous reactors was 
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7 .3  and 7.2 respectively. The pH in both the batch test anaerobic phases was 7.2. 

Using the empirical relationship between pH and YP04 calculated by Smolders et al., 

( 1 994), the theoretical ratio at a pH of 7.2 would be 0.25 mg P/mg COD. This value is 

close to the value of 0.23 mg P/mg COD calculated for the initial phosphorus release 

stage of the EAAO batch test but less than the value from the AAO batch test (0.34). 

Table 6.8: Anaerobic/anoxic phase stoichiometric constants from AAO and EAAO 

zone studies and for both batch test of mixed liquor. 

Stoichiometric Constant Anaerobic zone Anoxic zone Batch Test 

AAO EAAO AAO EAAO AAO EAAO
" 

Zone number 1 2 2 3 

P releasd COD consumed 0.05 0.06 0 .02 1 5 . 1  0.99 0.34 0. 1 9  

(mg P/mg COD) 

P releasd VF A COD consumed 0.05 0.07 0.02 0.78 0 .89 0.34 0. 1 9  

(mg P/mg COD) 

P releasdPHAstored 0.27 0.28 

(mg P/mg COD) 

PHAstoredNF Aconsumed 0.2 2 .76 

(mg COD/mg COD) 

G 1 ycogellconsumed/VF Aconsumed 0.22 1 .96 0.39 

(mg COD/mg COD) 

** EAAO batch test had two separate YP04 values of 0.23 and 0. 1 2  mg P/mg COD. 

The ratio of phosphorus released to PHA stored for the continuous AAO reactor in 

this study was 0.27 mg P/mg PHA COD in the anaerobic zone and 0.28 mg P/mg 

PHA COD in the anoxic zone. Both of these values are unaffected by the further 

production of short chain VFA's  in the anaerobic and anoxic zones as was potentially 

the case for the phosphorus to acetate ratio .  Due to the loss of samples for PHA 

analysis from the AAO batch test, EEAO reactor and EEAO batch test, due to 

refrigeration failure, a ratio for these tests was not calculated. The AAO anaerobic and 

anoxic zone values are both slightly less than the value of 0.32 calculated from the 
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data of Smoulders et al. ( 1 994). The value by Smoulders et al. ( 1 994), was calculated 

with acetate as the sole carbon source, while the fermented effluent VF A fraction fed 

to the AAO system anaerobic zone contained only 34% acetate. The anoxic zone 

received VF A from the anaerobic zone of which 53% was acetate. If a significant 

proportion of competing organisms such as GAO's were present in the sludge then 

this ratio would be expected to be low due to the anaerobic storage of PH A's by both 

PAO's and GAO's, but phosphorus release by PAOs only. 

The mixed nature of the short chain volatile acids in the anaerobic zone resulted in a 

low anaerobic zone ratio of PHA produced to VF A COD consumed. The anaerobic 

zone value of 0.2 mg PHA COD/mg VF A COD is much less than the value of 1 .5 

found in the biochemical model of Smolders et al. ( 1 994), and the value of 1 .24 

calculated by Christensson ( 1 997), when using ethanol as a carbon source for EBPR. 

By using the models proposed by Comeau et al. ( 1 986), and Wentzel et al.  ( 1 986), 

Abu-Ghararah and Randall ( 1 99 1 ), calculated theoretical ratios for acetic acid and 

butyric acid of 0.67 mg PHB/mg COD used. The ratio for valeric acid was calculated 

as 0.36 mg PHB/mg COD (no actual values were experimentally determined for this 

ratio during their study). 

The glycogen consumed to the VF A consumed ratio in the anaerobic zone for the 

continuous AAO reactor of 0.22 mg glycogen COD/mg VF A COD was also less than 

the value of 0 .5 calculated by Smolders et at. ( 1 994). The value calculated from the 

AAO batch test of 0.39 mg glycogen COD/mg VFA COD was slightly greater that the 

AAO continuous reactor, but still less than this literature values. Liu et al. ( 1 997), 

varied the P/COD ratio in order to influence competition between between P AO's and 

GAO's and found that the lower the glycogen consumed to the acetate consumed ratio 

the higher the phosphorus content of the sludge and the lower the dominance of 

GAO's. This was because as GAO's became more dominant, the anaerobic 

degradation of glycogen became more important. This again suggests that GAOs were 

not a significant influence in the AAO system, and other factors contributed to the low 

y P04 values in the AAO reactor such as the mixture of VF A and continued 

fermentation in the unaerated zones. 
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6.6 Conclusion 

A combined nitrogen and phosphorus removal system with a 3 hour actual anaerobic 

retention time was able to remove a maximum of 4 1 .5 mg P/L, and an average of 36.3 

mg P/L. Effluent nitrate concentrations of up to 1 9.3 mg N03-N/L and 4.6 mg NO)­

NIL did not adversely affect phosphorus removal. An average of 74% of the fermenter 

soluble COD was consumed in the anaerobic zone at the time of the zone study. After 

the reactor was optirnised as much as possible, phosphorus release and PHA storage 

occurred in both the anaerobic and anoxic zones. On the day of zone study, 24.2 and 

1 5 . 1  mg P/L of phosphorus release occurred in the anaerobic and anoxic zone 

respectively. The final aerobic sludge phosphorus concentration averaged 7 .0 % mg 

P/mg VSS after system optimisation. 

By slightly modifying the previous reactor system and doubling the actual anaerobic 

retention time to 6 hours, 4 l .3 mg P/L of phosphorus was removed at the time of the 

zone study after 40 days operation. The final aerated zone sludge had a phosphorus 

concentration of 5 .6 1 %mg P/mg VSS, lower than the previous system, as the VSS 

concentration of the EAAO system was 47% greater than the AAa system. After 40 

days operation this system had effluent nitrate concentrations of 6.2 mg N03-N/L. In 

the first anaerobic zone 69% of the fermenter soluble COD was consumed while in 

the second anaerobic zone 7 1  % of the available soluble COD was consumed in the 

second anaerobic zone. Phosphorus release occurred in both anaerobic zones (29.9 

and 3 . 5  mg P/L) and the anoxic zone (8.3 mg P/L). The time required for maximum 

phosphorous release to occur, was confirmed by an anaerobic batch test were 

maximum phosphorus release took 6 hours. The increased anaerobic HRT in the AAa 

system appeared to have only a relatively small benefit in the medium term (40 days 

operation). 

Due to the mixed short chain VF A composition of the fermented effluent, and 

possible further fermentation in the anaerobic zone, low anaerobic zone phosphorus 

release to VF A COD consumed ratios were observed in the continuous reactor. Batch 

tests with acetate as the sole carbon source showed that the ratio ' s  obtained from the 

batch tests were closer to the literature values used in previous models of the EBPR 

process. This lead to the conclusion that GAO bacteria were not a significant factor in 
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the competition for carbon sources under anaerobic conditions in these initial AAO 

and EAAO systems. 
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CHAPTER 7 

Phosphorus Removal -AO Zoned Reactor Studies 

7.1 Introduction 

In this chapter, the zoned AAO reactor system used in Chapter 6 was reconfigured as 

an AO process with one anaerobic zone only, and the other 9 zones were aerobic. The 

anaerobic zone retention time was maintained at 3 hours. It was decided that the 

extended anaerobic zone (6 hour HR T) system would not be used as there appeared to 

be only a small amount of benefit and the potential long term negative effects through 

the growth of competing organisms were not known. As the system was no longer 

configured for nitrogen removal, the nitrogen content of the synthetic wastewater was 

decreased. This was to minimise the potential inhibition of the EBPR process by 

nitrate (Table 7 . 1 ). The proportion of whole and skim milk powder added in the AAO 

study (Chapter 6) was by decreased by 28% in this AO study to decrease the 

COD/TKN ratio from 28 to 32.  The soluble COD (OFC filtered) was maintained close 

to that of the previous wastewater (-2200 mglL) by adding COD in the form of 

lactose. The average wastewater characteristics of this modified synthetic wastewater 

are listed in Table 7.2. 

By operating the zoned reactor with an AO configuration, it was intended to 

determine the maximum amount of phosphorus removal possible with this type of 

system and how this compared with the previous AAO configuration. The influence 

of the anoxic zone role on the phosphorus removal process with the previous 

configuration could also be assessed by its removal in this study. In some instances in 

New Zealand, dairy processing wastewaters have COD/TKN ratio' s  greater than the 

value of 32 used in this Chapter. In  Rules ( 1 997) study of a full-scale aerated 

activated sludge process (non-BNR) study at a New Zealand dairy-manufacturing site, 

an average COO/TKN ratio of 39 was calculated during the period of the study. The 

fermented cheese processing wastewater used in the SBR study by Comeau et al. 

( 1 996), also had a COD/TKN ratio of 32, with only a minimal amount of nitrate 

formed during the reactor operation (0.6 mg N03-N/L). 
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Table 7. 1 :  Synthetic dairy processing wastewater used in AO zoned reactor studies. 

Component 

Whole milk powder 

Skim milk powder 

Lactose 

Butter 

KH2P04 

NaOH (45% w/w) 

Amount to make 1 0  litres 

7.2 g 

7 .8  g 

6.0 g 

1 . 5 g 

3 .75 g 

20 ml 

Table 7.2 : Chemical and physical characteristics of the modified low nitrogen 

synthetic dairy processing wastewater. 

Characteristi c 

COD total 

COD GFC filtered « 1 .2 Ilm) 

COD filtered « 0.45 Ilm) 

TKN 

Total Phosphorus 

Soluble Phosphorus 

TSS 

pH 

7.2 Reactor System 

Concentration/V alue 

2600 mg COD/L 

2280 mg COD/L 

2050 mg COD/L 

82 mg N/L 

95 mg P/L 

85 mg P/L 

280 mg/L 

1 1  

As with the AAO configuration, the AO reactor was operated with an HRT of 2.5 

days and a feed rate of 8 litres/day of fermented wastewater. The schematic of the 

overall process is shown in Figure 7 . 1 ,  which is identical that used in the Chapter 6 

except that the anoxic zone and the internal recycle have been eliminated. Figure 7.2 

shows a photo of the zoned reactor in an AO configuration. The synthetic wastewater 
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(stored at 4°C) was again first fermented in a 1 0  litre reactor at 3 5°C with an HRT of 

1 2  hours and a set pH of 6.5 .  The zoned reactor S RT was maintained at 1 0  days, 

without reseeding. During the initial 1 0  day SR T operation, another zoned reactor was 

constructed, enabling two zoned activated sludge reactors to be operated 

simultaneously in the next part of the study. The 20 l itres of fermented wastewater 

produced per day was sufficient to provide the required 1 6  Lld for two reactors (8 Lld 

each). The fermented wastewater (refrigerated at 4°C) was pumped to the zoned 

EBPR reactors, which were operated at a temperature of 20°C. The reactor 

temperatures were controlled by circulating water from a 20°C temperature controlled 

water bath through water jackets surrounding the perimeter of the reactors. A 

temperature probe in the mixed liquor of reactor measured the temperature, which was 

displayed on a digital display attached to side of each reactor. 

As previously mentioned the initial AO reactor was initially operated at an SRT of 1 0  

days for 40 days (4 SRT's duration) before a full zone study was performed. During 

the 40 days of operation at an SRT of 1 0  days, the stability of the reactor was 

monitored by periodically measuring soluble phosphorus concentrations in the 

effluent. After the initial 40 days operation at an SRT of 1 0  days a full study was 

performed. In the next phase of the AO system study, two reactors were operated each 

at a different SRT. One was operated at a 1 5  day SRT for 79 days before performing a 

full zone study and one was operated at a 5 day sludge age for 56 days before a full 

zone study was performed. Each reactor was identical and each operated in an AO 

configuration receiving the same wastewater. The objective of operating at a range of 

S RT's was to determine if there were either beneficial or negative effects on the 

EBPR process at different SRT's  with this type of wastewater. The operational 

parameters for the AO reactors are shown in Table 7.3 .  

1 40 



Synthetic 
wastewater 
(4°C) 

-

... 
,.. 

-

Fennenter 
Reactor 
(3S°C) 

Chapter 7: Phosphorus Removal - AO Zoned Reactor Studies 

... 
,.. 

Fennented 
wastewater 
(4°C) 

� 

'y 
EBPR Reactor & Clarifier 

Figure 7. 1 :  Schematic of laboratory treatment system. 

Figure 7.2 : Zoned laboratory-scale AO activated sludge EBPR reactor system. 

1 4 1  



Chapter 7: Phosphorus Removal - AO Zoned Reactor Studies 

Table 7.3: AO reactor system operational parameters. 

Fermenter 

EBPR Reactor 

Influent 

flowrate(Lld) 

20 Lld 

8 

7.3 Fermenter Operation 

Temperature (uC) 

35  

20 

RAS flowrate pH 

(Lld) set-point 

6 .5 

8 

The fermenter operation was periodically monitored during a 79 day period of 

operation by monitoring the COD and short chain volatile acids. This provided 

additional fermentation data for the modified low nitrogen wastewater. The total and 

soluble (GFC filtered) COD profiles for the fermenter effluent are shown in Figure 

7 .3 .  The fermenter effluent soluble COD averaged 1 570 mg/L compared to the 

previous study (Chapter 6) with the high nitrogen wastewater where the soluble COD 

was 1 320 mg/L. This increase in soluble COD was most likely due to the increased 

lactose concentration in the synthetic wastewater and the fact that it is easi ly 

fermented. The soluble COD of the fermented wastewater was 69% of the soluble 

COD of the initial synthetic wastewater. The individual VF A are plotted in Figure 7 .4 

and summarised in Table 7 .4 .  Acetic acid was again the main VFA produced (39.9%) 

and n-butyric acid was the next most common VF A (2 1 .8%). The total short chain 

VF A concentration averaged 1 028 mg/L, which was lower than the average VF A 

concentration for the high nitrogen fermented wastewater ( 1 345 mg/L). The fraction 

of each individual VF A was similar between both wastewater's except for n-valeric 

acid which was only 6 .7% of the total VF A COD compared to 1 2 .7% for the high 

nitrogen wastewater. The main difference with the low nitrogen wastewater was that 

the total VFA COD accounted for only 67.8% of the soluble COD « 0.45Ilm) as 

opposed to 85 .7% for the high nitrogen wastewater. This difference was most likely 

due to the production of intermediate products such as lactic acid, that are not 

measured as short chain VF A. The percent acidification (based on synthetic 

wastewater GFIC soluble COD) of the low nitrogen wastewater averaged 45% 

compared to 5 1  % for the previous high nitrogen wastewater. 
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Figure 7.3: Ferrnenter feed and effluent COD profile during reactor operation . 
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Figure 7.4: VF A COD fractionation, total VF A COD and % acidification of 

ferrnenter effluent. 
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Table 7.4: Average fermented wastewater individual and total VFA COD 

concentrations and fractions and total soluble CODo.45flm. 

COD (mg/L) % Total VF A COD % Fermenter Effluent 

COD « O.45�lm) 

Acetic acid 4 1 0 39.9 27.0 

Propionic acid 1 96 1 9. 1  1 2 .9  

n-Butyric 224 2 1 .8 1 4. 8  

Iso-Butyric 53 5.2 3 . 5  

n-Valeric 69 6.7 4.5 

Iso-Valeric 65 6.3 4.3 

Total VFA COD 1 028 67.8 

Ferrneneter Effluent 1 5 1 7  « O.4S)..Im) 

7.4 1 0  Day SRT AO Reactor Zone Study 

A full zone analysis of the zoned reactor was performed after 40 days operation at an 

SRT of 1 0  days. The zones mixed liquor TSS averaged 2825 mg/L throughout the 

reactor with an anaerobic zone VSS/TSS ratio of 0.857 (ash content of 1 4.3%) and a 

final aerobic zone VSS/TSS ratio of 0.793 (ash content of 20.7%) (Figure 7.5).  The 

increase in ash content of 6 .4% from zone 1 to zone 1 0  was due to the sludge 

intracellular storage of phosphorus which resulted in a phosphorus removal of 34.9 

mg P04-P IL (total phosphorus of fermenter effluent was 1 04.2 at time of zone 

analysis). The soluble phosphorus concentration decreased from zone 1 ( 1 28.5 mg 

P04-P/L) to zone 6 (67.7  mg P04-P/L) and then remained relatively constant for the 

remaining aerobic zones (Figure 7.6). The soluble COD concentration in the 

anaerobic zone was 358  mg COD/L with the VFA COD component in this zone 

measured as 335 mg COD/L. The amount of VF A consumed within the anaerobic 

zone was 225 mg COD/L or 40% of the available VF A. This compared to anaerobic 

zone soluble COD consumption of 390 mg COD/L or 52% of the available soluble 

COD, assuming that no particulate COD was hydrolysed. The rate of anaerobic COD 

consumption was 33 mg COD/g VSSIh. The quantities and of each individual short 

chain VFA are shown in Table 7 .5 
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Figure 7.5: Zone profiles of TSS, VSS and the VSS/TSS ratio for 1 0  day SRT AO 

zoned reactor. 
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Table 7.S: Fennenter effluent and anaerobic zone (zone 1 )  individual short chain 

VF A COD concentrations, the % of total VF A COD and the % consumption of 

anaerobic zone individual VF A based on fennenter effluent VF A concentrations. 

VFA Concentration % Total VFA Consumption of 

(mg COD/L) COD VFA COD (%) 

Fermenter Anaerobic Fermenter Anaerobic Anaerobic 

Effluent Zone Effluent Zone Zone 

Acetic acid 352.8 1 38.6 3 1 .0 4 1 .4 20.2 

Propionic acid 202.0 39.6 1 7 .8  1 1 .9 60.2 

n-Butyric acid 283 . 1  66.8 24.9 1 9.9  52.0 

Iso-Butyric acid 57.0 8 .5 5 .0 2.5 69.6 

n-valeric acid 1 62. 1 48.0 1 4 .2 1 4.3  40.0 

Iso-Valeric acid 63.5 26.9 5.6 8.0 1 4.0 

n-Caproic acid 1 6.8 6.6 1 . 5 2.0 1 9.8 

Total VFA 1 1 37.3 335 40.2 

Soluble COD 1 5 1 5  358 

The acetic acid concentration in the anaerobic zone comprised 4 1 .4% compared to 

3 1 .0% for the fennenter effluent. This increase in acetic acid proportion mostly likely 

reflected a conversion of some of the larger molecular weight VF A to acetic acid 

before consumption. In Table 7 .5  the percent consumption of the anaerobic zone VF A 

COD is based on the fermenter effluent VF A composition and does not include 

possible inter-VF A conversion. The value of only 20.2% consumption for acetic acid, 

as opposed to the value of 69.6% for iso-butyric acid, also reflects conversion of other 

VF A to acetic acid. The difference between the consumption of soluble COD (390 

mg COD/L) and short chain VFA (225 mg COD/L) was 1 65 mg COD/L. While some 

of this difference may reflect the direct consumption of non-VF A COD, most of the 

difference is likely to be due to the conversion of non-VF A soluble COD to VF A. 

This makes it very difficult to accurately quantify routinely the amount of VFA 

consumption with the anaerobic zone. 
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The amount of phosphorus uptake in each zone is shown in Figure 7 .7 .  The amount of 

phosphorus release in the anaerobic zone was 4 1 .6 mglL at a rate of 6.9 mg Pig 

VSSIh. Aerobic phosphorus uptake was greatest in the first aerobic zone (3 1 . 8 mglL 

in zone 2) with decreased uptake in zones 3 to zones 6, with very little uptake or 

release occurring in the final four aerobic zones. The ratio of P-release to soluble 

COD consumed in the anaerobic zone was 0. 1 1  mg P/mg COD while the ratio of P­

release to VFA COD consumed was 0. 1 8  mg P/mg VFA COD. The ratio of 0. 1 8  mg 

P/mg VF A COD is greater than what the actual value would be which would be due 

to additional fermentation occurring within the anaerobic zone. If there was 

hydrolysis of any particulate matter within the anaerobic zone than the value of 0. 1 1  

mg P/mg COD could also be slighter greater than the actual ratio. This YP04 value is 

greater than the values obtained in Chapter 6 for the AAa and EAAO configurations 

of 0.05 and 0.06 mg P/mg COD consumed. 
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Figure 7.7: P04-P uptake for each zone for the 1 0  day SRT Aa zoned reactor. 
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Figure 7.8: Soluble P04-P and s ludge phosphorus profiles for each zone for the 1 0  

day S RT A O  reactor. 

The phosphorus content of the s ludge varied from 2.94 % mg P/mg VSS in the 

anaerobic zone to 5 .53 % mg P/mg VSS in the final aerobic zone (Figure 7.8), with a 

maximum value of 5.89 in zone 6. A total of 34.9 mg P/L was removed by the reactor. 

This resulted in 279.2 mg P removed per day in the 2 litres of waste activated sludge 

volati le solids both pumped from the final aerobic zone and lost in the effluent 

(4520+520 =5040 mg VSS/day). This is equivalent to a theoretical waste activated 

sludge phosphorus concentration of 5 .56 % mg P/mg VSS in the final aerobic zone, 

which is almost the same as the measured value. The sludge phosphorus content of 

2.94 % mg P/mg VSS in the anaerobic zone suggests there may possibly be more 

phosphorus that could be released in this zone. Especially when compared to the 

value of 2.3 % mg P/mg VSS in the second zone of the EAAO system in Chapter 6. 

The zone nitrate concentrations shown in Figure 7.9 means that there was slight 

surplus of nitrogen in the wastewater to that required for metabolic requirements by 

the activated sludge system. The nitrate reached a maximum of 1 .4 mg N03-N/L in 

zone 9 and decreased to 1 .0 mg N03-N/L in zone 1 0  were the dissolved oxygen was 
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0.5 mg 02/L. This low nitrate concentration would not have interfered with the EBPR 

process. 

4.0 .------------------------------------------------------------. 
3.5 

3.0 

:J 2.5 C, E Z' 2.0 
M 
o z 1 .5 

1 .0 

0.5 

o.o+-��._----._----._----�----�----�----_.----�----�----� 
Q) 
c: 
o 

N 

N 

Q) 
c: 
o 

N 

C') 

Q) 
c: 
o 
N 

'<t 

Q) 
c: 
0 

N 

It) 

Q) 
c: 
0 

N 

Zone 

<0 r-- a:> 0> 0 

Q) Q) Q) Q) 
...... 

c: c: c: c: Q) 
0 0 0 0 c: 

N N N N 0 
N 

Figure 7.9: Zone nitrate concentrations for each zone for the 1 0  day SRT AO zoned 

reactor. 

60 .-------�--------------------------------------------------_, 
= 
� 50 
> 
..El 
cS 
0) 40 
.§. 
et: => � 30 
od 
= 
� 20 cS 
0) 
.§. 
et: 1 0  
=> 
o 

I � SOUR -.- OUR I 

O+-----._----._----,------.----�----�----_.------,_----._--� 
N C') '<t Lt) 

Q) Q) Q) Q) Q) 
c: c: c: c c: 
0 0 0 0 0 

N N N N N 

<0 r--

Q) Q) 
c: c 
0 0 

N N 

Zone 

<Xl 

Q) 
c 
0 

N 

0> 

Q) 
c: 
0 

N 

o 

Q) 
c: 

� 

Figure 7.1 0: Specific oxygen uptake rates (SOUR) and oxygen uptake rates (OUR) 

for each zone for the 1 0  day SRT AO reactor. 

1 49 



0-3 � 
Zone 1;1' -� 

.....:a 
Parameter 1 2 3 4 5 6 7 8 9 1 0  � 

...... � 
Anaerobic Aerobic Aerobic Aerobic Aerobic Aerobic Aerobic Aerobic Aerobic Aerobic Cl. �t  

� 
CODsoluble (mg/L) 358 38 34 23 20 20 35 20 30 22 

s:: E-N 0 
P04-P (mg/L) 1 28 .5 96.7 87.8 77.5 75.2 67.7 68.0 69. 1  70.8 69.2 

� � 
"0 
e; 

%mg P/g VSS 2.94 4.25 5 . 1 6  5 .44 5 .52 5 .89 5 .64 5 .64 5.78 5 .53 3 � 

NOrN (mg/L) 0 0.7 0.7 0.8 0.70 0.80 1 .0 1 .2 1 .4 1 .0 

..... (j � '"1 ::r Vl I» 

� '0 
� 

'"1 .... 
:> -...J 

SOUR 24.2 1 7.3 1 5.5  1 2.0 9.0 9.0 9.5 8 .0 7.2 

mg02/mg VSS/h 

0 '""C ::r 
() 0 0 � � ::r � 0 
qg 2 (/J 

Phosphorus -4 1 .6 3 1 .8 8.9 1 0.3 2.3 7.5 -0.3 - 1 . 1  - 1 .7 1 .6 

Uptake (mg PIL) 

TSS (mg/L) 2660 2960 2965 2860 2830 2860 2800 2760 27 1 0  2850 

'"1 :::0 � (1) 
o ·  8 � 0 <: 
� e:. 
� I 
� >-
r/) 0 
� N -3 0 =:s 

VSS (mg/L) 2280 2460 24 1 5  2290 2280 2295 2245 2 1 55 2 1 80 2260 

0 (1) 0-'"+> :::0 -
0 (1) I» 

VSS/TSS ratio 0.86 0.83 0.82 0.80 0.8 1  0.80 0.80 0.78 0.80 0.79 

Cl. (") ...... � 0 
'-<: .... 
:n r/l e-

o.. 
o· (/J 



Chapter 7 :  Phosphorus Removal - AO Zoned Reactor Studies 

The biological activity was measured using oxygen uptake rates (OUR) (Figure 7 . 1 0) 

which reached a maximum in the first aerobic zone (Zone 2) with an OUR value of 

59.4 mg 02/LIh and a specific OUR (SOUR) value of 20. 1 mg 02/g VSSIh. The OUR 

values levelled off by zone 6, the same zone that the phosphorus decrease levelled off 

(Figure 7.6). The SOUR value of 7.2 mg 02/g VSSIh in the final zone is between that 

of the previous AAO and EAAO systems. The analytical parameters for each zone are 

shown in Table 7.6. 

7.4. 1 Batch Test 

A batch test was performed with the mixed liquor from the 1 0  day SRT AO reactor. 

Two litres of mixed liquor was used for the test with an anaerobic phase of 300 

minutes and an aerobic phase of 300 minutes. The long anaerobic phase was used to 

ensure that the maximum amount of phosphorus release occurred. Sodium acetate 

(39 1 mg/L) was added to give an initial starting COD of 320 mg/L. The initial VSS 

concentration was 2330 mg VSS/L and the initial sludge phosphorus concentration 

was 5 .4 % mg P/mg VSS. The pH was controlled at 7 .0 throughout the anaerobic 

phase and aerobic phases. 

Figure 7 . 1 1  shows the COD consumption and phosphorous release trend. There was 

an initial high COD consumption rate of 2 1 .6 mg COD/g VSSIh which then decreased 

to 7 .9 mg COD/g VSSIh. The initial high rate of phosphorus release of 4.6 mg Pig 

VSSIh decreased to 2.9 mg Pig VSSIh after 1 50 minutes. The phosphorus released to 

COD consumed ratio was 0.45 mg P/mg COD, which is close to the theoretical value 

of 0.48 mg P/mg COD in the biochemical model by Wentzel et al. ( 1 99 1 ). The fact 

that consumption ceased after 1 80 minutes suggests that the design of the continuous 

reactor with an anaerobic retention time of 1 80 minutes was close to optimal . 

After the anaerobic phase, the phosphorus content of the sludge decreased to 2.5 % 

mg P/mg VSS from an initial value of 5 .4 % and increased to 5.0% after the aerobic 

phase (Figure 7 . 1 2) .  The VSS/TSS ratio initial value was 0.75 and increased to 0.80 

after the anaerobic phase, a decrease in the ash content of 4.9%. After aerobic 

conditions the ratio decreased to 0.76. Both the net change in the sludge phosphorus 

content and the change in the ash content, reflect the fact that there was a net increase 
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in the soluble phosphorus concentration over the duration of the batch test of 5 .5 mg 

P/L. This net decrease was most likely due to the aerobic consumption of the 

remaining acetate decreasing the rate of PHA consumption and the uptake of 

phosphorus. Due to this residual acetate a longer aerobic phase was required than the 

300 minutes used. 

The very high oxygen uptake rate in Figure 7. 1 3  at the beginning of the aerobic phase 

is due to unconsumed COD of 1 73 mg COD/L. After the initial high oxygen uptake 

rate, three separate phases are evident, 330 to 390 minutes, 420 to 5 1 0  minutes and 

540 to 600 minutes. Each of these phases correspond to the changing rates of 

phosphorus uptake over the same three time intervals (Figure 7 . 1 1 ) of 1 9.0, 1 0.4 and 

5 . 1  mg P/LIh. The analytical parameters at the beginning of the anaerobic (t=O) and 

aerobic (t=300) phases and the end of the batch test (t=600) are presented in Table 

7 .7 .  
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Figure 7. 1 1 :  Acetate COD and P04-P profiles during the batch test for the 1 0  day 

SRT AO zoned reactor. 
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Table 7.7: Analytical parameters at time 0, 3 00 and 600 minutes for batch test using 

mixed l iquor of AO system operated at an SRT of 1 0  days. 

Time 

Parameter o minutes 300 minutes 600 minutes 

P04-P (mg P/L) 72. 1 1 38 .5  238. 1 

Acetate COD (mglL) 320 1 62 0 

VSS (mglL) 2330 2373 24 l O  

VSS/TSS 0.749 0.798 0.755 

%mg P/mg VSS 5 .38 2 .5  4.97 

OUR (mg 02/L/h) 2 1 0  1 9.5 

SOUR (mg 02/g VSS/h) 88.6 8.2 

7.5 AO Reactor Operation at an SRT of 15 days 

The activated sludge reactor used for the study at an SR T of 1 0  days was altered to an 

SRT of 1 5  days and operated for 79 days with the parameters measured during the 

operation shown in Section 7 .5 . 1  and the zone study is detailed in Section 7.5.2. An 

additional activated sludge reactor that had been constructed was seeded using waste 

activated sludge from the SRT 1 5  reactor, and was operated simultaneously at an SRT 

of 5 days and is described in Section 7.6. 

7.5. 1 Reactor Operation 

The total suspended solids concentrations of the anaerobic zone, final aerobic zone, 

the fermented effluent and the VSS/TSS ratios for the anaerobic and aerobic zones are 

shown in Figure 7. 1 4. After 3 0  days the anaerobic and final aerobic zone TSS became 

similar and remained similar for the duration of the reactor operation with the TSS 

varying between 38 1 0  glm
3 

and 4535 glm
3 

for these zones between 30  and 79 days. 

The VSS/TSS ratio was stable after 30 days (Figure 7 . 1 4) and varied between 0.84 

and 0.86 for the anaerobic zone and 0.79 and 0.8 1 for the aerobic zone. After 79 days, 

the difference between the ash content of the biomass of the anaerobic and aerobic 

zone was 6.5%. 
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The soluble COD in the final aerobic zone (38 to 50 mglL) was relatively constant 

during the reactor operation (Figure 7 . 1 5) while the anaerobic zone soluble COD 

varied between 230 mglL at 30  days and 60 mglL at 79 days in the anaerobic zone. 

This variation was largely due to changes in the fermenter VF A COD (Figure 7 .4). 

The soluble COD consumed in the anaerobic zone displayed relatively less variation 

(523 to 720 mg COD/L) then the VFA COD consumed (257 to 485 mg COD/L). This 

suggests that there was some conversion to VF A of non-VF A substrate. After 79 days 

93 % of both the available soluble COD and VF A COD was consumed. 

The SVI of the reactor mixed liquor was variable, with a low of 79, a high of 237 and 

an average of 1 48 (Figure 7 . 1 7). The operability of the reactor was not affected by 

these SVI variations. The effluent nitrate concentrations shown in Figure 7. 1 8  were 

generally small, but increased during the reactor operation to 3 .7 mg N03-N/L by 79 

days of operation. These nitrate concentrations (Figure 7 . 1 9) did not have a negative 

impact on the phosphorus removal process as detailed below. 
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The final aerobic zone phosphorus concentration increased to 76.7 mg P/L 1 7  days 

after changing the SRT to 1 5  days and then gradually decreased a low value of 64.5 

mg/L on day 74 (Figure 7 .20). The anaerobic zone increase in soluble phosphorus 

over the period of operation reflected the increasing anaerobic phosphorus release of 

6.5 mg P/L after 9 days to 53 . 1  mg P/L after 74 days. The sludge phosphorus 

concentration reached a maximum of 5. 1 5  % mg P/mg VSS after 40 days and was 

5 . 1 2  mg P/mg VSS after 79 days (Figure 7. 1 ). The ratio of phosphorus release to 

COD consumed (Y P04) was 0.08 after 40 days, 0. 1 1  after 74 days and 0.08 after 79 

days, which was similar to the ratio of 0. 1 1  at a 1 0  day SR T. The value for this ratio is 

only slightly greater than the value of Y P04 for the AAO and EAAO systems. 
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Figure 7.19:  Soluble phosphorus concentrations In the anaerobic zone and final 

aerobic zone during 1 5  day SRT reactor operation. 
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7.5.2 Zone Analysis 

70 80 

After 79 days a full zone analysis was performed on the reactor. The VSS 

concentration varied only slightly across the reactor (3255 mg/L in  zone I and 3460 in 

zone 1 0) ,  while the TSS concentration increased across the reactor (3 8 1 0  mg/L in 

zone 1 and 4375 mg/L in zone 1 0) as shown in Figure 7.2 1 .  The VSS/TSS ratio was 

0.85 ( 1 4.6% ash) in the anaerobic zone (Zone 1 )  and 0.79 (20.9% ash) in the final 

aerobic zone (Zone 1 0). 

The phosphorus profile for each zone is shown in Figure 7.22 where the soluble 

phosphorus concentrations in the anaerobic zone was 1 25.7 mg P/L, and 65.7 mg P/L 

in the final aerobic zone. A total of 34.5 mg P/L was removed by the reactor. The total 

phosphorus concentration of the fermented effluent was 1 00.2 mg P/L at the time of 

the zone study. A large amount of COD removal occurred in the anaerobic zone 

where the soluble COD concentration was only 58 mg COD/L (Figure 7.22). The 

amount of anaerobic COD consumption was 709 mg/L, with 472 mg COD/L of VFA 

consumed (assuming no insitu fermentation). The uti lisation rate of soluble COD was 

3 8.2 mg COD/g VSSIh and the VF A utilisation rate was 25.4 mg COD/g VSSIh. The 

increase in soluble COD in zones 8 to 1 0  are in fact only slight, as the scale used in 
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Figure 7.22 i s  small. The amount of phosphorus release in the anaerobic zone was 

42.2 mg P/L at a rate of 4.6 mg Pig VSSIh. Maximum phosphorus uptake occured in 

zone 2 of 20.9 mg P/L and at a rate of 2 .3  mg Pig VSSIh. Phosphorus uptake was 

close to 0 in zones 7 to 1 0  (Figure 7 .24). The required retention time until phosphorus 

uptake was complete was between 1 4.2 to 1 7  hours (zones 5 and 6), based on an 

actual feed rate of 8 .2 litres/day and a RAS rate of 8 .6 li tres/d ay. 

The final aerobic zone sludge phosphorus concentration was 5 . 1 2  % mg P/mg VSS 

(Figure 7.24). Using mass balance calculations based on the amount of phosphorus 

removed, the theoretical sludge phosphorus concentration for the final zone is 5 .6 

%mg P/mg VSS.  The analytical values showed a maximum sludge phosphorus 

concentration of 5 .94 mg P/mg VSS in zone 7 .  The reason for the subsequent decrease 

in the sludge phosphorus concentration after zone 7 may be due to a slight increase in 

the VSS concentration in these zones (Figure 7 .2 1 ). The anaerobic zone sludge 

concentration was 3 . 1 6  % mg P/mg, suggesting incomplete phosphorus release. The 

nitrate concentration increased rapidly between zones 3 and 5 and was 4 mg N03-N/L 

in the final aerobic zone, showing that there was a sl ight nitrogen excess over that 

required for metabolic requirements. 
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Figure 7.26: PHB, PHV, Total PHA and glycogen concentrations for each zone for 

the 1 5  day SRT AO reactor. 

The profiles of the intracellular storage compounds are shown Figure 7.26. The 

relative PHB and PHV concentrations were similar through the reactor zones. The 

total PHA concentration reached a maximum of 85.6 mg COD/g TSS in zone 1 and 

decreased until zone 7. The PHA concentration was 1 5 . 1  mg COD/g TS in zone 1 0. 

The anaerobic zone PHA concentration was substantially greater than the AAO 

reactor were it was 44 mg COD/g TS. The fraction of total PHA present as PHB was 

48% in zone 1 (compared to 69% in AAO system) and then ranged between 34.2% 

and 46.6% in the subsequent zones. The specific rate of PHA production in the 

anaerobic zone was 63.3 mg COD/ g VSSIhr. The glycogen concentration was 34.7 

mg COD/g TSS in zone 1 and remained relatively constant until zone 4 and was 44.4 

mg COD/g TSS in zone 1 0. 

The biological activity (OUR & SOUR) reached a maximum OUR of 75.8 mg 02/LIh 

in the first aerobic zone (zone 2) as expected due to the high PHA concentration in 

this aerobic zone (Figure 7.27). Both the OUR and SOUR reached a plateau at zone 6, 

which was the same zone that the P04-P, PHA and glycogen concentrations levelled 
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off. The SOUR had a value of 5 .2 mg 02/g VSSIh in zone 1 0, the same value as for 

the AAO zone study. 
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Figure 7.27: SOUR and OUR rates for each zone for the 1 5  day SRT AO reactor. 
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7.5.3 Batch Test 

The batch test used two litres of the mixed l iquor from the S RT 1 5  AO reactor and 

consisted of a 1 80 minute anaerobic phase (same as continuous reactor) and a 240 

minute aerobic phase. Sodium acetate was added to give an initial starting COD 

concentration of 3 00 mg/L. The initial VSS concentration was 3870 mg/L with a 

sludge phosphorus concentration of 4.40 %mg P/mg VSS. Figure 7.28 shows that the 

acetate COD was 23 mg/L after 90 minutes and 0 at 1 20 minutes, with full 

consumption occurring at about 1 00 minutes. Two distinct COD utilisation rates are 

evident with the initial high rate of 80.5 mg COD/g VSSIh (initial nitrate and nitrite 

concentrations were zero) and a second rate of 3 1 .4 mg COD/g VSSIh. There were 

also two distinct phosphorus release rates of 1 2 .6 mg Pig VSSIh and 3 .9  mg Pig 

VSSIh. As expected, phosphorus release ceased after acetate consumption. The COD 

consumed to phosphorus released during the anaerobic phase was 0.2 mg COD/mg P .  

In the subsequent aerobic phase there was an initial higher phosphorus uptake rate of 

6.4 mg Pig VSSIh followed by a decreased uptake rate of 2. 1 mg Pig VSSIh. The 

phosphorus uptake rate decreased to a very low value of 0.4 mg Pig VSSIh after in the 

last hour of the batch test. 
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Figure 7.28: Soluble COD and P04-P profiles during batch test for the 1 5  day SRT 

AO reactor. 
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The phosphorus content of the sludge at the end of the anaerobic phase decreased to 

2 . 8  % mg P/mg VSS from an initial value of 4.40 % and increased to 4. 1 % after the 

aerobic phase (Figure 7.29). The initial VSS/TSS ratio was 0.790 and increased to 

0 . 825 after the anaerobic phase, a decrease in the biomass ash content of 3 .5%. At the 

end of the batch test the VSS/TSS ratio decreased to 0.796, an increase during the 

aerobic phase of 2.9%. This was a net overall decrease in the ash content of the sludge 

of 0.6% (2.9%-3 .5%= -0.6%). The net decrease in the sludge phosphorus content and 

ash content is reflected in a net change in the soluble phosphorus concentration during 

the batch test of -9.9 mg P/L. This suggests that a longer aerobic phase was required 

to obtain complete phosphorus uptake. 
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Figure 7.29: Sludge phosphorus content and VSS/TSS variations during SRT 1 5  

mixed liquor batch test. 

The changes in the intracellular storage compounds PHB, P HV, PHA and glycogen 

along with the specific oxygen uptake rate (SOUR) are shown in Figure 7.30. There 

was an initial rapid rate of PH A production (75% as PHB) at a rate of 36. 1 mg COD/g 

TS/h which then decreased at 60 minutes to a slower rate of PHA production (6.3 mg 

COD/g TS/h) corresponding to the decreased rate of phosphorus release. A slight 

decrease in the PHA concentration occurred after the acetate was depleted. The 
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glycogen had a net decrease through the anaerobic phase (- 1 0.2 mg COD/g TS) as 

expected and then increased during the aerobic phase (+20.7 mg COD/g TS) resulting 

in an overall net increase during the batch test of 1 0.2 mg C OD/g TS. The specific 

oxygen uptake rate (SOUR) remained high for the first 60 minutes of the aerobic 

phase and then decreased as the PHA was util ised. The SOUR changed in four 

separate phases, up to 240 minutes it remained high and then decreased rapidl y  from 

240 to 300 minutes and then was constant from 300 to 330 minutes and again 

decreased from 330 to 420 minutes. Each of these phases general ly matches the 

changes in PHA utili sation. 

The analytical parameters at the start and end of the anaerobic zone (t= 0 and t= 1 80 

minutes) and at the end of the aerobic phase (t=420 minutes) are shown in Table 7.6.  

70 25 
-9- PHB � PHV 

-e-- Glycogen 

60 
20 

c: 50 
Q) :c-Cl 

en 0 
u 

1 5  g,! >-
(5 � 40 

� .., I!?  
< Cl 0 
J: - Cl 
� g 30 E 

!!I t)  
Anaerobic 10 � 

o Cl ::l 
� E 0 
>' 

- 20 Cl) 
J: 
Il.. 
ai 5 
J: 
Il.. 1 0  

0 0 
0 50 1 00 1 50 200 250 300 350 400 

Time (minutes) 

Figure 7.30: PHB, PHV, total PHA, Glycogen and SOUR profiles during batch test 

for the 1 5  day S RT AO reactor. 
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Table 7.9: Analytical parameters at time 0, 1 80 and 420 minutes for batch test using 

mixed liquor of AO system operated at an SRT of 1 5  days. Except OUR and SOUR 

are given for 2 1 0  minutes instead of 1 80 minutes. 

Time 

Parameter o minutes 1 80 minutes 420 minutes 

P04-P (mg P/L) 77.6 1 36.2 87.5 

Acetate COD (mglL) 300 0 0 

VSS (mglL) 3870 3940 43 1 0  

VSS/TSS 0.790 0 .825 0.796 

%mg P/mg VSS 4.40 2 .8  4.08 

PHB (mg COD/g TS) 1 4.6 45.9 1 3 .0 

PHV (mg COD/g TS) 7 .9 1 5 .2 4. 1 

PHA (mg COD/g TS) 22.5 6 l .2 1 7 . 1  

Glycogen (mg COD/g TS) 43.0 32.8 53.5 

OUR (mg 02/L/h) 9 1 .9 (2 1 0  minutes) 23 .0 

SOUR (mg 02/g VSS/h) 23 . 3  (2 1 0  minutes) 5 .8  

7.6 AO Reactor Operation at an SRT of 5 days 

7.6.1 Reactor Operation 

This reactor was operated for period of 56 days at an SRT of 5 days to further 

minimise nitrification and to assess the stability of phosphorus removal at a relatively 

Iow SRT. The changes in TSS concentration and the VSS/TSS ratio are shown in 

Figure 2.3 l .  The final aerobic zone concentration varied between 1 350 mglL and 

2860 mglL compared to SRT's  of 1 0  days and 1 5  days in which the TSS 

concentrations stabilised at about 2800 mglL and 4300 mglL respectively. The drop in 

the mixed liquor solids concentration on day 1 7  was due to the RAS pump tubing 

blocking before sampling and a large sludge blanket developing in the clarifier. The 

reactor mixed liquor concentration varied more during this operation than for the 

other SRT operations. This variation was principally due to poorer settling in the 

clarifier as evidenced by progressively higher SVI values during the operation, which 

increased from an SVI of 1 57 at day 1 to 405 after day 56. 
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The soluble COD in both the anaerobic and final aerobic zones are shown in Figure 

7 .32 while the anaerobic VFA concentration and the amount of VFA consumed are 

shown in Figure 7 .33 throughout the 56 days of operation. Initially 55 % of the 

available VF A COD was consumed within the anaerobic zone and then progressively 

decreased to 0% after 56 days of operation. The decrease in anaerobic VF A 

consumption was also matched by a decrease in the amount of phosphorous release in 

the anaerobic zone, which was initially 8.7 mg P/L, decreased to zero on day 39, and 

was then negative (uptake) until day 56. A small amount of phosphorus release 

(negative uptake) was measured on day 39 of 5.6 mg P/L, otherwise no anaerobic 

release was measured on other days that sampling occurred. Phosphorus removal was 

poor with the effluent soluble phosphorus concentration reaching a low of 73 .7  mg 

P/L after 25 days and then increasing to 80.5 rng P/L on day 39 (Figure 7 .35) .  The 

final aerobic sludge phosphorus content was initially 5 . 1 % mg P/mg VSS and 

decreased to 2.6 % mg P/mg VSS after 59 days of operation, reflecting the decrease in 

phosphorus removal over the period of operation. Nitrate inhibition of phosphorus 

removal was not a significant factor as the maximum nitrate concentration in the final 

aerobic zone reached only 2 . 1  g N03-N 1m3 (Figure 7 .37) .  
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Figure 7.33: Total VFA COD concentration in the anaerobic zone, the amount of 

VF A COD consumed in the anaerobic zone and the % of the available VF A 
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day SRT AO reactor. 
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7.6.2 Zone Study 

After 56 days of operation a zone study was performed on the reactor, all the main 

parameters were analysed except for the storage compounds PHB, P HV and glycogen, 

as the phosphorus removal was minimal. As previously discussed the stability of the 

reactor was poor during the trial especially when the settleability of the biomass 

deteriorated (SVI=405). The internal operational stability of the reactor was also 

difficult to control, as the solids mixed liquor concentration was uneven, especially in 

the first three zones were the TSS concentration ranged from 1 1 80 glm3 to 1 780 glm3 

(Figure 7 .38) .  The VSS/TSS ratio (0.88 in zone 1 and 0.85 in zone 1 0) did not display 

the decreasing trend typical of an EBPR process but was variable through the reactor. 

The value of 0 .85 in zone 1 0  compares to the ratios of 0.79 for both the 1 0  and 1 5  day 

SRT operations. 

The anaerobic zone (zone 1 )  soluble COD was 525 glm3 with 90% of this present as 

VF A compounds, principally acetic and n-butyric acid.  A total of 277 mglL of the 

influent soluble COD was consumed in the anaerobic zone, this compares to the VF A 

consumption which was calculated as -1 1 mglL of VF A. The negative value implies 

VF A production through further fermentation. Full consumption of biodegradable 

soluble COD did not occur until zone 3 (Figure 7.39). The small increase in the 

soluble COD from zones 3 to zone 1 0  was probably due to the production of a small 

amount of microbiologically produced inert soluble COD. The phosphorus profile 

throughout the reactor was relatively constant (Figure 7.39), with no phosphorus 

release occurring in the anaerobic zone. The amount of phosphorus removal was 1 8 .2 

mg P/L on the day of this zone study compared to 34  mg P/L for the 15 day SRT zone 

study. The total phosphorus concentration in the fermented wastewater on the day of 

the study was 95 mg P/L. The actual amount of phosphorus uptake in each zone is 

shown in Figure 7.40. There was no phosphorus release in zone 1 but rather a small 

amount of uptake of 0 .7 mglL calculated. The sludge phosphorus content of the final 

aerobic sludge was 2.6 % mg P/mg VSS (Figure 7 .4 1 ), similar to systems without 

significant biological phosphorus removal. A phosphorus mass balance generated a 

theoretical waste activated sludge phosphorus concentration of2 .85 % mg P/mg VSS. 

There was no effect of nitrate on phosphorus removal as nitrate effluent 

concentrations were very low (Figure 7 .42) with nitrate only being detected in zone 9. 
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The fact that there was no anaerobic phosphorus release but sti l l  a significant amount 

of soluble COD consumption shows that there was a microbial population present that 

was capable of anaerobic COD consumption without phosphorus release. 

The oxygen uptake rates (Figure 7.43) for each aerobic zone is related to COD 

removal rather than the combination of COD removal and phosphorus uptake (due to 

the lack of EBPR). The trend generally follows the expected pattern apart from the 

decrease in zone 5. The SOUR value in zone 1 0  was 7.7 mg 02/g VSSIh. Due to the 

lack of phosphorus removal a batch test was not performed with this sludge. 
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Figure 7.38 :  TSS, VSS and VSS/TSS ratio in each zone for the reactor operated at an 

SRT of 5 days. 
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Figure 7.41 : Final aerobic zone sludge phosphorus content and P04-P for zones of 

AO reactor operated at an SRT of 5 days. 
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Figure 7.43 : SOU R  and OUR zone profiles for AO reactor operated at an SRT of 5 

days. 

7.7 Discussion 

An AO configured activated sludge reactor exhibited sustainable biological 

phosphorus removal at SRT's  of 1 0  and 1 5  days but not at an SRT of 5 days. After 79 

days 34.5 mg P/L was removed at an SRT of 1 5, and at an SRT of 1 0  days, 34.9 mg 

P IL of phosphorus was removed at the time of the zone studies. At an S R  T of 5 days, 

only 1 8 .2 mg P/L of phosphorus was removed with a sludge phosphorus concentration 

of 2.6% mg P/mg VSS. This compares to the combined nitrogen and phosphorus 

removal systems, were at the time of the zone studies, the AAO system removed 37.6 

mg P/L and the EAAO system removed 4 l .3 mg P/L. The removal of the anoxic zone 

had a slight negative effect on phosphorus removal . The important anaerobic zone 

parameters influencing the EBPR process for AO and AAO systems are shown in 

Table 7 . 1 1 . All parameters are for the anaerobic zone except the following two values: 

the value for phosphorus removal is calculated from the difference between the 

fermenter effluent total phosphorus concentration and the activated sludge reactor 

zone 1 0  soluble phosphorus concentration and the sludge phosphorus concentration 

was for the final aerobic zone sludge. The anaerobic stoichiometric ratios are 
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Table 7.1 1 :  Summary of anaerobic zone parameters during zone studies, except for P 

removed and % mg P/mg VSS which relate to final aerobic zone (zone 1 0). 

System AO AO AO AAO EAAO (zone 1 )  

SRT(days) 1 5  1 0  5 1 0  1 0  

TSS (mglL) 38 1 0  2660 1 1 80 2380 3635 

- - - - - - - - - - . _ - - - - - - - - - - - - . _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

VSS (mglL) 

COD (mglL) 

COO consumed 

(mg COD/L) 

COD consumption 

rate (mg COO/g VSS/h) 

VFA (mg COO/L) 

VF A consumed 

(mg COO/L) 

VFA consumption 

rate (mg COO/g VSS/h) 

P04-P (mglL) 

P release (mg P/L) 

P release rate 

(mg Pig VSS/h) 

P removed overall 

(mg P/L) 

(%mgP/mg VSS) 

-Zone 1 0  

PHA 

(mg CODI g TS) 

Glycogen 

(mg COD/g TS) 

3255 2280 

58 358 

709 399 

38 .2 33 .0 

36 335 

472 225 

25.4 1 8 .6 

1 25 .7  1 28.5 

42. 1 4 1 .6 

4 .5 6 .9 

34.5 34.9 

5. 1 2  5 .53 

85.6 

34.7 

1 80 

1 040 1 970 3 1 40 

527 1 83 2 1 0  

278 483 465 

48.4 4 1  24.7 

474 1 46 208 

- 1 1 450 429 

-2 38  22.8 

85.2 1 06.8 1 1 1 . 8 

-0.7 24.2 29.9 

-0.5 4. 1 1 .9 

1 8 .2 37 .6 4 1 .3 

2.6 6 .99 5.6 

43 .8  

79.4 
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Table 7.1 2 :  Stoichiometric constants from each zone study and batch test for the AO 

systems. 

Stoichiometric Constant Anaerobic zone : Batch Test : 

(zone 1 )  i 
! 
I 

SRT 1 5  1 0  5 i 1 5  1 0  i 
1 

PreleasJ COD consumed 0.06 0. 1 0  0 I 
I 

0. 1 9  0.45 

(mg P/mg COD) I 
I 

P releasJ VF A COD consumed 0.09 0. 1 9  0 I 0. 1 9  0.45 

(mg P/mg COD) I 
P releasdP HAstored 0. 1 7  I 0.3 1 

! 
(mg P/mg COD) 

: : 
! 

PHAstoredlVF Aconsumed 0.54 ! 0.6 1 
! 

(mg COD/mg COD) I 
i 

Glycogenconsumed/VF Aconsumed 0. 1 7  
! 

0. 1 8  I 
(mg COD/mg COD) ! 

! 

The 1 5  day SRT AO reactor had a similar TSS and VSS concentration to the EAAO 

system but a much greater soluble COD consumption value (709 mg/L). The 1 5  day 

reactor also had slightly more zone 1 anaerobic VFA consumption (472 mg COD/L), 

than the AAa system (450mg COD/L) and the EAAO system (429 mg COD/L). 

Further fermentation in the anaerobic zone of the 1 5  day S RT system might have 

converted non-VF A soluble COD to VF A COD before consumption and conversion 

to PHA. This is unlikely to account for al l of the difference between the COD and 

VFA consumption of 237 mg COD/L. During the period of the 1 5  day SRT reactor 

operation the anaerobic zone soluble COD progressively decreased (Figure 7. 1 5), by 

25 1 mg/L between days 1 7  and 79. Judging by the batch test value of Y P04 for this 

reactor of 0. 1 9  mg P/mg COD, compared to the 1 0  day SRT batch test value of 0.45 

mg P/mg COD, it appears that there may have been growth of organisms that can 

successfully compete with PAO's (such as GAO's) during the reactor operation. This 

difference is also seen in the continuous reactor Yp04 values which were 0.06 for the 

1 5  day SRT reactor yet and 0. 1 for the 1 0  day SRT. As mentioned previously 

(Chapter 6) Smolders et al. ( 1 994), determined that higher ratio 's  occurred at higher 
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pH values, yet the pH in the anaerobic zone of the 1 5  day and 1 0  day SRT systems 

were 7 .48 and 7 .25 respectively. The pH for the 1 5  day batch test was controlled at 

7 .0, while the pH of the 1 0  SRT AO batch ranged from 7.05 to 7 .24 for the anaerobic 

phase, not a significant pH difference. While the presence of competing organisms in 

the 1 5  day S RT system appeared to be more significant than that at the 1 0  day SRT, 

the amount of phosphorus removal was similar for both the 1 0  day and the 1 5  day 

SR T systems. The system operated at a 5 day SR T deteriorated to the stage that, at the 

time of the zone study, zero phosphorus was released under anaerobic conditions. It 

appeared that the growth of the PAO's could not be sustained at the 5 day SRT and 

they were gradually washed from the system during the reactor operation. Henze et al. 
(2002), also found a low SRT value of 4 days gave unstable biomass settling 

characteristics and a more variable biomass. 
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Figure 7.44: Phosphorus release (negative) and uptake (positive) rates for each AO 

system zone study. 

In Figure 7 .44 it can be seen that the specifi c  phosphorus release and uptake rates are 

higher for the 1 0  day SRT system. The rates in zones 1 and 2 are -6.9 and 4.9 mg Pig 

VSS/h respectively compared to the 1 5  day S RT system which were -4.5 and 2.3 mg 
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Pig VSSIh respectively. This difference reflects that a higher fraction of the VSS 

concentration in the 1 5  day system were non-PAO organisms (eg. GAO's). Sludge 

that is GAO enriched takes up acetate slower than sludges that are dominated by 

PAO's. (Mino et aI., 1 998). 

The storage of PHA under anaerobic conditions was measured in the 1 5  day SRT AO 

system only. This reactor stored a higher amount of anaerobic PHA (85.6 mg COD/g 

TS) than the AAO 1 0  day SRT system (43 .8  mg COD/g TS). This is possibly due to 

the greater anaerobic zone COD consumption of the 1 5  day S RT AO system and the 

fact that both GAO's and PAO's  store PHA under anaerobic conditions. GAO's 

generally produce more PHV than PAO's under anaerobic conditions (Oehman et al., 
2000) and with the 1 5  day SRT AO system, 52% was present as PHV while with the 

AAO 1 0  day SRT system, 3 1 %  was present as PHV. The 1 5  day SRT anaerobic 

phosphorus released to PHA stored ratio of 0. 1 7  and 0.3 1 for the batch test compares 

to a value of 0.27 for the AAO continuous reactor and a value of 0.34 found by 

Smolders et al. ,  ( 1 994). The ratio of PHA stored to VF A consumed of 0.54 for the 

continuous reactor and 0.6 1 for the batch test is greater than the value of 0.2 for the 

AAO continuous system. The increased PHA storage without a corresponding 

increase in phosphorus removal i s  also a characteristic of a system with greater 

proportions of competing organisms. It is possible that while the 1 5  day SRT reactor 

was successfully operated for a total of 79 days, the increasing anaerobic soluble 

COD consumption, without a corresponding increase in phosphorus removal could 

have lead in the long term to a gradual deterioration of EBPR due to the growth and 

subsequent domination of competing organisms such as GAO's. It appears that long 

term, operating the AO reactor at a 1 0  day SRT may be more favourable than 

operating at a 1 5  day SRT. Operating at a 5 day SRT was not sustainable even in the 

short term. 

7.8 Conclusions 

Operating a biological phosphorus removal only configuration (AO) removed less 

phosphorus than for a combined phosphorus and nitrogen removal reactor (AAO). 

About 35 mg P/L was removed by both the 1 0  day and 1 5  day SRT operation, with 

sludge phosphorus concentrations of 5 .53 and 5 . 1 2  %mg P/mg VSS respectively. The 
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prevIOUS AAO and EAAO systems removed 37.6 and 4 l .3 respectively, which 

suggests that the inclusion of an anoxic zone was beneficial to biological phosphorus 

removal. 

There was no improvement in phosphorus removal by increasing the SRT to 1 5  days 

although there was almost complete VF A consumption in the anaerobic zone at the 

higher SRT. It appeared that increasing the SRT permitted competing organisms 

increase in the reactor, which while it increased the anaerobic COD consumption did 

not results in improved phosphorus removal . This was confirmed by the anaerobic 

batch tests which produced a YP04 value of 0.45 for the 1 0  day SRT system and but a 

much lower value of 0. 1 9  for the 1 5  day SRT system. 

Decreasing the SRT to 5 days lead to a progressive deterioration in the EBPR process 

to a stage, that eventually there was no anaerobic phosphorus release or anaerobic 

VF A consumption. The sludge phosphorus concentration decreased to only 2.6 %mg 

P/mg VSS and resulted in only 1 8 .2 mg/L of phosphorus removal. The principal 

reason for the poor performance at a 5 day SRT, was due to reactor instability 

resulting from poor biomass settleability. This resulted in  a progressive washout of 

P AO organisms. 
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CHAPTER 8 

Influences on Phosphorus Removal 

8.1 Introduction 

The influence of phosphorus precipitation, partially fermented or non-fermented 

wastewater and the metal cations of magnesium, potassium and calcium, on dairy 

processing wastewater EBPR systems are investigated in this Chapter. Phosphorus 

precipitation could potentially be influenced by the calcium concentration in milk 

processing wastewater. Comeau et al. ( 1 996), had previously reported a significant 

amount of chemical precipitation from a pilot plant treating fermented cheese 

processing wastewater. Non-fermented or partially fermented dairy processing 

wastewater could also potentially lead to the deterioration of the EBPR process as 

milk products contain carbohydrates such as lactose. Glucose has previously been 

identified as a possible cause for GAO proliferation and subsequent EBPR 

deterioration (Cech and Hartman, 1 990, 1 993).  The metal cations magnesium, 

calcium and potassium are important counter-ions for the EBPR process to satisfy 

electroneutrality (Pattarkine and Randell, 1 999). Danalwich et al. ( 1 998), identified 

magnesium and potassium as potentially limiting cations in some dairy processing 

wastewaters and Ky et al. (200 1 ), found low concentrations of magnesium in a cheese 

processing wastewater. In this study, potassium is present in excess due to its addition 

as part of phosphorus supplementation. 

8.2 Phosphorus Precipitation 

If significant phosphorus precipitation occurs it wil l  affect the phosphorus release and 

uptake rates and stoichiometric constants that are attributed to biological phosphorus 

removal. Also if phosphorus precipitation occurs then it is desirable and should be 

maintained or increased if possible. In the De Haas et al. (2000a), literature review of 

simultaneous phosphorus precipitation and biological phosphorus removal, it was 

stated that iron salts were most commonly used for the combined phosphorus 

removal. However, whole milk has a high concentration of calcium (Table 2.5), which 

would b�e most likely pathway for phosphorus precipitation in this study. In whole 

milk the calcium concentration is about 1 200 mg/L and in the synthetic wastewater 
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used in the AO (COD/TKN=32) study it was measured at 1 5 .3 mg/L in the fermented 

wastewater. The ratio of calcium in the low nitrogen synthetic wastewater to that 

typical of whole milk (Table 2 .4) is 0 .0 1 28 .  This ratio is also close to the ratio of the 

low nitrogen synthetic wastewater COD to whole milk COD of 0.0 1 29, which makes 

the concentration of calcium measured close to what is theoretically expected for a 

wastewater with a COD of 2600 mg/L that is derived from diluted milk components. 

Chemical phosphorus removal with calcium salts is usually in the pH range of 8 to 1 1 . 

De Haas et al. (2000a), states that precipitation with calcium occurs around a pH of 9, 

which is outside the pH operating range of most biological treatment systems. 

Carlsson et al.  ( 1 997), studied calcium phosphate precipitation in biological 

phosphorus removal systems and found that at a pH of 7 the phosphorus concentration 

must be at least 50 mglL for precipitation to occur at a calcium concentration of 1 00 

mglL. The phosphorus must also be about 1 00 mg P/L at a calcium concentration of 

50 mg/L for precipitation to occur at a pH of 7. However at a pH of about 8 .5 and a 

calcium concentration of 50 mglL the phosphorus concentration should be at least 8 

mglL for precipitation to occur. The pH in the final aerobic zone was generally about 

8 and the calcium concentration in the synthetic dairy processing wastewater used 

here is much less than 50 mg/L. The phosphorus concentrations in the aerobic zones 

of 1 04.9 to 63 .5 mg P/L, which are much higher than 8 mg/L may possibly permit 

some phosphorus precipitation at the pH values measured in the aerobic zones (Figure 

8 . 1 ). 

Comeau et al. ( 1 996), in their pilot scale study on nitrogen and phosphorus removal 

from a fermented cheese processing wastewater performed a phosphorus fractionation 

on the waste sludge. The sludge had a phosphorus content of 7 .6 % mg P/mg VSS, 

with 2 . 1 % mg P/mg VSS attributed to the precipitated and adsorbed fraction. 

Therefore, this precipitation accounted for 27.6% of the total phosphorus removal. 

Subtracting the precipitated/adsorbed fraction from the total gives 5 .5  % mg P/mg 

VSS, this amount can be attributed to both phosphorus assimilation and luxury 

uptake. This value of 5 .5 % mg P/mg VSS is closer to the values obtained in Chapter 

7 for the AO reactors. Comeau et al. ( 1 996), did not state what the pH value was 

during the aerobic or sludge wasting phase or the wastewater calcium concentration. It 

was therefore difficult to attribute the precipitated/adsorbed phosphorus to calcium or 
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another ion or some other factor, but as previously stated is most likely to be from 

calcium precipitation. In Chapter 5 the results were presented for phosphorus 

fractionation of the sludge when the pH was 8. The phosphorus content of the sludge 

at the time of the fractionation study (Day 35) was 2.2 %mg P/mg VSS, without 

enhanced phosphorus removal occurring. The precipitated phosphorus in this instance 

was only 0. 1 8% mg P/mg VSS or 8 .2% of the sludge phosphorus content. The 

fennented cheese processing wastewater used in the Comeau et al. ( 1 996), study may 

have had a higher calcium concentration than the synthetic wastewater used here, 

making phosphorus precipitation a more significant factor. 

In the continuous reactor studies discussed previously in Chapters 6 and 7, the pH in 

the final aerobic zones was usually above 8 (Figure 8. 1 ). The highest pH values were 

8.5 1 in zones 7 and 8 of the 1 0  day SRT AO system and the pH in zone 1 0  ranged 

between 7.9 for the AAO 1 0  days SRT system and 8 .3 for the 1 5  day SRT AO 

system. This pH increase in the aerobic zones was due to carbon dioxide stripping. 

For the 1 5  day SRT AO system, the soluble calcium concentration was measured for 

three zones and is shown in Figure 8 .2 .  The total calcium concentration in the 

fermented wastewater was 1 5 .3 mg/L. This information can provide an estimate of the 

phosphorus precipitated from the calcium decrease. The influent flow rate was 

measured at 8 .2 1 Llday (influent calcium concentration of 1 5 . 3  mg/L) and the RAS 

rate measured at 8 .64 Llday (zone 1 0  calcium concentration of  1 1 .7 mg/L). A mass 

balance calculation assuming no calcium uptake or release gives a calcium 

concentration in the first zone of 1 3 .5  mg/L. The actual measured soluble value in 

zone 1 ( anaerobic zone) was 1 8 .7 mg/L, which suggests there was some redissolution 

of the calcium precipitate from the recycle sludge in this zone (due to the lower pH of 

7.48). The calcium concentration decreased to 1 2 .7  mg/L in zone 5 and then to 1 1 .7 

mg/L in zone 1 0. As only a small amount of calcium is be used as a counter ion in the 

EBPR biochemical mechanism (Comeau et al., 1 986), it will be assumed that the 

decrease in calcium is due to precipitation only. Carlsson et al. ( 1 997), stated at a pH 

of about 8.5 a compound resembling CaHP04 (dicalcium phosphate) is formed during 

precipitation in an activated sludge process. As the pH in zones 5 to 1 0  ranges from 

8. 1 8  to 8 .4, it will be assumed that the principle precipitate is CaHP04. The Ca:P 

molar ratio for this is 1 :  1 or 1 .3 :  1 on a weight basis. A calcium mass balance through 
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the reactor shows there is an overall calcium decrease through the reactor of 1 .8 mglL, 

which equates to 1 .4 mglL of phosphorus, removed as a calcium precipitate. That is, 

1 1 . 5  mg P/day ( 1 .4 mg/L x 8.2 L/day) is removed in 4498 mg VSS/day of volatile 

solids ( 1 .3 L x  3460 mg VSS/L) at an SRT of 1 5  days. This equates to approximately 

0.26 % mg P/mg VSS of the waste sludge being chemically precipitated phosphorus 

for the 1 5  day SRT reactor. This is only 5 . 1  % of the sludge phosphorus content of 

5 . 1 2  %mg P/mg VSS being due to precipitated phosphorus. The value of 0.26 %mg 

P/mg VSS is reasonable close to the value of 0. 1 8  %mg P/mg VSS determined for the 

preliminary MUCT reactor in Chapter 5. Based on this information chemical 

phosphorus precipitation is not a significant factor with the wastewater and reactor 

systems used in this study. 

If it assumed that with the zoned reactor system, about 0.25 % mg P/mg VSS results 

from precipitated phosphorus, than, how will this affect the stoichiometric ratios that 

are related to phosphorus release in the anaerobic zone? The pH in the anaerobic 

zones of each of the four zone studies ranged from 6.98 to 7.48, which means that 

precipitation will most likely be minimal, but with the high anaerobic phosphorus 

concentrations due to phosphorus release some precipitation, may be possible. The 

fact that redissolution of calcium was evident in the 1 5  day SRT system anaerobic 

zone shows that the opposite occurred. The amount of phosphorus release in the 

anaerobic zone was a combination of, release due to PAO's and redissolution of the 

phosphate precipitate. This would affect the value of YP04 by making it slightly 

greater than if no redissolution occurred. The amount of redissolution of calcium was 

5 .2  mglL at the 1 5  day SRT which equates to approximately 4 mglL of phosphorus 

released (based on a Ca:P ratio of 1 .3 :  1 )  due to redissolution or 9.5 % of the total 

phosphorus released. If the value of Y P04 were adjusted to account for the 

redissolution of precipitated phosphorus, it would change from only 0 .09 to 0.08 mg 

P/mg VFA COD. 
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Figure 8.1 :  Zone pH values for each zone study. 
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Figure 8.2 : Soluble calcium values for zones 1 ,5 and 1 0  for the 1 5  day SRT AO 

system The total calcium concentration value in the influent is 1 5 .3 mg/L. 
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8.3 Cessation of External Fermentation - Medium Term Effects 

It is possible, that occasionally the degree of wastewater acidification during 

fermentation will be low or absent due to process control failure or process overloads. 

It is therefore valuable to assess whether, in such instances the viability of the EBPR 

process will remain. After completion of the 1 5  day SRT AO, the reactor was altered 

to a 1 0  day SRT (to minimise potential EBPR deterioration due to the growth of 

competing organisms) and the raw wastewater was pumped to directly to the zoned 

activated sludge reactor. The reactor effluent soluble phosphorus concentration was 

periodically monitored for a 34 days and then a full zone study performed. It  was 

initially expected that a noticeable deterioration would occur within the first week, 

however after 34 days (slightly more than three SRT's), phosphorus removal had not 

deteriorated (Figure 8.2) and a zone study was performed. 
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Figure 8.3: Soluble effluent phosphorus concentration over a 34 day period for a AO 

configured reactor fed unfermented wastewater. 

On day 34, the synthetic wastewater was analysed by disconnecting the feed tube 

from the reactor and allowing the wastewater to pump into a 50 mL sample container. 

The COD and VF A analysis results are shown in Table 8 . 1 .  The VF A analysis 

showed that some acetic acid (88 mg COD/L) and iso-valeric acid ( 1 6  mg COD/L) 
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was present in the synthetic  wastewater (Table 8.2). It is most likely that some 

fermentation most likely occurred within the length of rubber tubing (�3 .5m length) 

that conveyed the wastewater to the peristaltic pump and than to the reactor, rather 

than in the refrigerator. The rubber tubes were cleaned of solids accumulation every 

two days. At the time of this study, it was summer and while the reactor was 

temperature controlled (20°C), and the wastewater refrigerated (4°C), the reactor 

tubing was at room temperature in a room that was not air-conditioned. Essentially 

then, this study simulated a situation were the amount of wastewater acidification was 

low (5% of 0.45/-lm filtered COD or 4.5% of GFIC filtered COD), with the rest the 

soluble COD fraction belonging to the readily biodegradable fraction and the slowly 

biodegradable fraction. There may also have been some conversion from the slowly 

biodegradable fraction to the readily biodegradable fraction due to hydrolysis during 

the pumping process. 

Table 8. 1 :  Characteristics of synthetic wastewater immediately before entry to zoned 

reactor. 

Parameter (all units mg/L) Value 

Total COD 25 1 0  

GFIC ( 1 .2�m) Filtered COD 2 1 55 

0.45 /-lm Filtered COD 1 955 

VFA COD 1 05 

TSS 325 

Total Phosphorus 95 

Soluble Phosphorus 74 

On the day of the study, there was a slight uneven profile of the sludge concentration 

through the reactor as seen in Figure 8 .3 .  The increase in zone 1 0  was due to a partial 

blockage in the tube between the final aerobic zone and the clarifier. The average TSS 

and VSS concentrations were 273 0  and 2300 mg/L respectively ,  close to the values of 

2825 and 2285 obtained from the 1 0  day SRT AO study (Chapter 7). The VSS/TSS 

ratio in the anaerobic zone was 0.88 and in the final aerobic zone was 0.82, with 

equated to an increase in the ash content of the sludge from zone 1 to zone 1 0  of 5.3% 
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(compared to 6.4% change in 1 0  day SRT AO system). The increase in ash content 

was due to the typical EBPR phosphorus release and uptake profile as seen Figure 8 .5 .  

The soluble COD concentration in the anaerobic zone was 455 mglL of which 1 56 

mglL of COD or 34% was due to short chain VF A compounds. The concentrations of 

the individual VF A are shown in Table 8.2 for each zone that VF A were detected. 

From mass balance calculations, 624 mglL of soluble COD was consumed in the 

anaerobic zone (58% of available soluble COD), and a net amount of 1 05 mglL of 

VF A COD was produced in the anaerobic zone. The amount of COD consumption 

was larger than all the other zoned systems, except the 1 5  day SRT system. The COD 

consumption rate was 45 mg COD/g VSSIh. The production of VFA compounds 

within the anaerobic zon,e showed that fermentation within the anaerobic zone is 

possible as has been previously proposed (Wentzel et al. , 1 985 ;  Bamard, 1 994). The 

DO concentration in the first aerobic zone (zone 2) was relatively low at about 0.5 

mglL, which contributed to the high soluble COD concentration (2 1 5  mglL) in this 

zone, of which 92 mglL was due to acetic acid. 

4000 0.900 
I --- rss ...... vss � VSSfTSS I 0.890 3500 

0.880 
3000 

0.870 
_ 2500 0 
..J 0.860 :; 
Cl a: 
.s 2000 0.850 � 
Cl) � Cl) 0.840 � I- 1 500 I-

0.830 
1 000 

0.820 
500 0.81 0 

0 0.800 
N C'l v l{) CD r-- 00 0> 0 

Cl> Cl> Cl> Cl> Cl> Cl> Cl> Cl> Cl> 
� 

c c c c c c c c c Cl> 
0 0 0 0 0 0 0 0 0 c 
N N N N N N N N N 0 

N 

Zone 

Figure 8.4: TSS, VSS and VSS/TSS zone profiles for AO system treating 

unfermented wastewater. 
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Figure 8.5: Soluble COD and phosphorus profiles for AO system treating 

unfermented wastewater. 

Table 8.2 : Individual and total VF A concentrations. 

Wastewater (after Zone 1 (Anaerobic) Zone 2 (Aerobic I )  
pumping) (mg COD/L) (mg COD/L) (mg COD/L) 

Acetic acid 8 8  1 1 6 92 

Propionic acid 0 20 0 

n-Butyric acid 0 0 0 

iso-Butyric acid 0 1 0  0 

n-Valeric acid 0 6 0 

iso-Valeric acid 1 6  0 0 

n-Caproic acid 0 5 0 

Total VF A COD 1 05 1 56 92 
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The amount of anaerobic phosphorus release of 25.8 mglL, was similar to the AAO 

and EAAO reactors (24.2 and 29.9  mglL) but less than the previous AO 1 0  day and 

1 5  day S RT studies (42. 1 and 4 1 . 6  mglL). The rate of anaerobic phosphorus release 

was 1 .9 mg Pig VSS/h, similar to the EAAO system. This system had the lowest ratio 

of phosphorus released to soluble COD consumed of 0.04 mg P/mg COD. Full 

phosphorus release appears to not have occurred in the anaerobic zone as the sludge 

phosphorus content was 3 . 1 8  % mg P/mg VSS (Figure 8.7).  Most of the phosphorus 

uptake occurred in zone 3 ( 1 5 .9 mg P/L) when the soluble COD concentration had 

reached a low value. The phosphorus content of the sludge in the final zone reached a 

concentration of 4.42 % mg P/mg VSS, which is slightly lower than the previous 

systems exhibiting EBPR. A maximum value of 4.94 % mg P/mg VSS was reached in 

zone 6.  A total of 33 .8  mglL of phosphorus was removed at the time of the zone 

study. A mass balance based on the phosphorus removed and the amount of sludge 

wasted each day results in a theoretical waste sludge concentration of 4.8 1 % mg 

P/mg VSS. As with the other zoned reactor studies there were some variations in the 

sludge phosphorus content profiles that were not matched by comparative variations 

in the soluble phosphorus concentrations. The nitrate concentration was 1 .5 mg N03-
N in the final zone, which was less than for the fermented 1 0  day S RT AO reactor and 

again did not appear to have any negative effect on phosphorus removal. 
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The storage compounds PHB and PHV were analysed for each zone (Figure 8 .8) ,  

except zone 2 as the sample for this zone lost during vacuum drying. The amount of 

PHB was slightly greater in zone 1 and zone 6 than the amount of PHV, but was not 

substantially different throughout the reactor. The total PHA concentration in zone 1 

was 1 20 mg CODlg TS, much greater than the 1 0  day SRT AAO system (43 .8 mg 

CODlg TS) and 40% greater than the 1 5  day SRT AO system (85.6 mg CODI TS). 

The high PHA concentration is most l ikely attributable to the presence of competing 

organisms such as GAO's as is the low value of YP04 (0.04). The ratio of phosphorus 

released to PHA stored was 0.07, much lower than both the 1 5  day SRT AO system 

(0. 1 7) and the 1 0  day SRT AAO system (0.3 1 ), an indication of  anaerobic PHA 

synthesis by both GAO's and PAO's but phosphorus release by PAO's only. 

The respiration rate in zone 2, the first aerobic zone, was high as expected due to the 

high soluble COD concentration (Figure 8 .8), otherwise the respiration rates were 

similar to the other systems. Table 8.3 summarises the analytical parameters for each 

zone. 
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8.3.1  Batch Test 

This batch test used two litres of mixed liquor from the 1 0  day SRT AO reactor fed 

unfermented wastewater and had a 240 minute anaerobic phase and a 240 minute 

aerobic phase. At time zero 500 mglL of acetate (as sodium acetate) was added to 

give a starting COD concentration of 533 mglL. The initial TSS concentration was 

3 880 mglL and the VSS concentration was 3 1 65 mglL. Also at the start of the batch 

test the pH was adjusted to 7.0.  There was a single rate of COD consumption of 25.4 

mg COD/g VSSIh. The phosphorus released at a relatively constant but slow rate of 

1 .6 mg Pig VSSIh until 1 80 minutes and then there was a small soluble phosphorus 

decrease for the last hour of the anaerobic phase. The phosphorus released to COD 

consumed ratio was 0.04 mg COD/mg P. This value was much lower than any of the 

previous batch tests that exhibited EBPR behaviour. This reactor was likely to be in a 

state of slow EBPR deterioration due to the gradually dominance of competing 

organisms that can sequester substrate under anaerobic conditions. The analytical 

parameters and the start and end of the anaerobic phase and the end of the aerobic 

phase are shown in Table 8 .4 below. 
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Table 8.4 : Analytical parameters at time 0, 240 and 480 minutes for the batch of the 

unfermented 1 0  day SRT AO system. 

Time 

Parameter o minutes 240 minutes 480 minutes 

P04-P (mg P/L) 65.0 79.0 60.4 

Acetate COD (mglL) 533 2 1 1 0 

VSS (mglL) 3 1 65 3275 3285 

VSS/TSS 0.8 1 6  0.845 0.809 

OUR (mg 02/LIh) 480 53 

SOUR (mg 021 g VSSIh) 1 47 1 6  

8.4 Nutrient Requirements 

The metal ions potassium and magnesium are used as counter ions during phosphate 

release and uptake to satisfy electroneutrality (Pattarkine and Randall ,  1 999) . 

Smolders et at. ( 1 994), estimated the composition of polyphosphate as Mgl/3K I /3P03 

based on the release of phosphorus, magnesium and potassium under anaerobic 

conditions. The molar ratios of potassium and magnesium co-transported with 

phosphorus are typically 0.20 to 0.40 K+/P and 0.24 to 0.30 Mg2+/P (Comeau et al. , 

1 986; Christensson, 1 997) or 0.25 to 0.5 1 K+ IP and 0. 1 9  to 0.24 Mg2+ IP on a weight 

basis. Calcium has also been proposed as metallic ion that is also co-transported with 

phosphorus and may be important for stabi lisation of the EBPR process (Schonborn et 

al., 200 1 ). The molar ratio of calcium co-transported with phosphorus has been 

reported to range from 0.0 to 0. 1 2  Ca2+/P (Comeau et al., 1 986) or 0.0 to 0. 1 6  on a 

weight basis. In some instances, the calcium concentration remains constant under 

both anaerobic and aerobic conditions. Schonborn et al. (200 1 ), used X-ray 

spectroscopy to show that Ca, Mg and K were the principal metal components of 

polyphosphate granules and that the ratios of Ca, Mg and K varied, depending on the 

influent concentration of these metals. They reported that with an influent 

concentration of 1 6.4 mglL (similar to the wastewater in this study) of calcium the 

polyphosphate granules contained no calcium but when the influent calcium was 

increased to 1 64 mglL then calcium rich granules were found. 
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Ky et al. (200 1 ), created a model for biological phosphorus removal from a fermented 

cheese factory effluent using an SBR and added a Monod-type saturation function for 

magnesium to account for magnesium limitations. The half saturation constant for 

magnesium was estimated as 1 0  mglL and the stoichiometric ratio between 

magnesium and phosphate was experimentally determined as 0. 1 57 g Mglg P. 

On the day of the zone study for the AO system operated at an SRT of 1 5  day, 

magnesium, potassium and calcium were measured in three zones ( 1 ,5 and 1 0) .  Figure 

8 .9 shows the concentrations measured of these three compounds. There was a 

progressive decrease in all three cations through the reactor. The concentration of 

magnesium, calcium and potassium in the fermented wastewater were 4.2, 1 5 .3 and 

1 58 mglL respectively. The potassium concentration was high due to the synthetic 

recipe containing additional phosphorus as KH2P04 (3 .75 g) . This contributed an 

extra 1 08 mglL of potassium than what was present in the diluted milk compounds. 

The amount of magnesium in the fermented wastewater (4.2 mglL) was lower than 

the half saturation value of 1 0  mglL determined by K Y et al. (200 1 ), below which the 

phosphorus uptake rate decreases. The magnesium concentration in the fermented 

cheese processing wastewater in the study by Ky et al. (2001 ), was 7 .8 mglL also 

below the value at which decreases in the phosphorus uptake rate occur. By using the 

ratio of this synthetic wastewater COD (without including the contribution of the 

added l actose) to the whole milk COD, of 0.0 1 29, and multiplying this ratio by the 

magnesium concentration in whole milk of 500 mglL a magnesium concentration 6.45 

mglL is obtained. This shows that for this type of wastewater that consists of diluted 

milk powders or diluted milk, relatively low magnesium concentrations are likely. In 

their characterisation of dairy processing wastewaters, Danalewich et al. ( 1 998), 

found that magnesium concentrations ranged from 6.5 to 46.3 mglL. 

There was a progressive decrease in the concentration of all three cations through the 

reactor (Figure 8. 1 1 ) . As expected magnesium release (7.2 mglL) occurred in the 

anaerobic zone, with the ratio of magnesium release to phosphorus release of 0. 1 7  mg 

Mglmg P and a ratio of 0. 1 6  mg Mglmg P for aerobic magnesium uptake to 

phosphorus uptake (Table 8.4). A total of, 2.0 mglL of magnesium was removed by 

the biomass. This stoichiometric relationship is close to the value of 0. 1 57 mg Mglmg 
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P experimentally detennined by Ky et al. (2001 ), but slightly below the range of 

literature values mentioned previously. It appears that the low magnesium 

concentration, in the AO study at an SRT of 1 5  days (Chapter 7), did not adversely 

affect phosphorus removal, as phosphorus uptake was complete by zone 6 .  It must be 

noted that this reactor operated for a period of 79 days before the zone study, and 

EBPR stability was maintained throughout. 

There was a net anaerobic zone calcium release of 5.2 mglL and then a subsequent 

decrease through the aerobic zones. The stoichiometric ratios calculated in this study 

( 1 5  day SRT AO system) of 0 . 1 2  mg Ca/mg P for both anaerobic release and aerobic 

uptake are at the upper end of the typical range mentioned earlier. As mentioned in 

the previous section on phosphorus precipitation, the amount of calcium removed 

through the reactor was 1 . 8 mglL. Pattarkine and Randell ,  ( 1 999), when determining 

the requirement of metal cations for the EBPR process with batch tests, also found 

that calcium decreased steadily throughout the aerobic phase, but not by more than 

was released in the anaerobic phase. In this study with the 1 5  day SR T system the net 

uptake of 1 . 8 mg/L has been associated with phosphorus precipitation. 

Potassium had a very high release value in the anaerobic zone (26.8 mg/L) and a net 

overall release of 8 .8  mglL through the reactor. The ratio of 049 mg Klmg P for 

anaerobic release (Table 8 .5), is in the upper part of the typical range of 0 .25 to 0.5 1 

mg Klmg P.  The value 0[ 0.33 mg Klmg P for the aerobic uptake is 33% less than the 

anaerobic release ratio. Some of this variation may be due to slight analytical errors, 

as the potassium required a I :50 dilution before instrumental analysis whereas 

magnesium required no dilution and calcium only had a dilution of 1 :2.  The cations 

K+, Mg2+ and Ca
2+ are co-transported with phosphate in a total molar charge ratio of 

1 .0 irrespective of the direction (Comeau et al. , 1 986) and were calculated for this 

system as 1 .0 1  during phosphorus release and 0.84 during phosphorus uptake. The 

variation in the total charge ratio for release and uptake was again most likely due to 

the multiplication of analytical errors in the potassium analysis. 
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Figure 8. 1 1  Concentrations of magnesium, calcium and potassium for zones 1 ,  5 and 

1 0  at the time of the 1 5  day SRT AO system zone study. 

Table 8.5: Amount of magnesium, potassium and calcium release in the anaerobic 

zone and the ratio of each cation to both phosphorus release and uptake (Also shown 

is the sum of the charges on a molar basis). 

Magnesium 

Potassium 

Calcium 

Sum of Charges 

(molar basis) 

Anaerobic Zone 

Release (mg/L) 

7.2 

20.5 

5.2 

M+/P ratio (release) M+/P ratio (uptake) 

(mg M+/mg P) (mg M+/mg P) 

0. 1 7  0. 1 6  

0.49 0.33 

0 . 1 2  0. 1 2  

1 .0 1  0.84 
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The influence of phosphorus precipitation, partially or non-fermented wastewater and 

the metal cations of magnesium, potassium and calcium have been investigated. 

Comeau et al. ( 1 996), and Ky et al. (200 1 ), have previously stated that a significant 

amount of chemical precipitation took place when applying biological phosphorus 

removal to a cheese processing wastewater (2 . 1  % mg P/mg VSS). A previous 

phosphorus fractionation test (Chapter 5) had found that only 0.2 % mg P/mg VSS 

was attributable to chemical precipitation at an aerobic zone pH of 8 .  A mass balance 

with the SRT 1 5  day AO system showed that the reactor removed a net value of 1 . 8 

mg/L of calcium. Assuming that the pathway for chemical precipitation would be via 

precipitation with calcium, and all the calcium removed was due to chemical 

precipitation, 0.26 %mg P/mg VSS was calculated as the amount of precipitated 

phosphorus. The Ca:P ratio of the precipitate was assumed to be 1 .3 :  1 (Carlsson et al. , 
1 997). The pH during the zone studies was measured up to 8 04 in zone 9 of the 1 5  day 

SRT AO system, less than the value of about 9 that de Haas et at. (2000a), state is 

required for significant phosphorus precipitation with calcium. The data supplied by 

Ky et al. (200 1 ), in their model calibration is based on the experimental data 

determined by Comeau et al. ( 1 996). Ky et at. (200 1 ), stated a final aerobic phase pH 

of 7 .7 and an influent calcium concentration of 6 1  mg/L. As the pH is less than the 

values in this study, yet a higher fraction of precipitated phosphorus was obtained, the 

difference may well be related to the higher calcium influent concentration of 6 1  

mg/L compared to 1 5  mg/L in  this study (Carlsson et aI, 1 997). There i s  little 

published information of the range of calcium concentrations in New Zealand dairy 

processing wastewaters, although Danalewich et al. ( 1 998), found ranges of l A  to 

58 .5  mg/L for 1 5  processing plants in the USA. The combined influence of pH and 

the calcium concentration on phosphorus precipitation with dairy processing 

wastewater could be more intensively explored in a future study, with the aim of 

maximising both simultaneous biological and chemical phosphorus removal, when 

treating dairy processing wastewater. 

Withdrawing the fermentation step and pumping the synthetic wastewater directly to 

the EBPR reactor, resulted in a partially fermented wastewater that had a VF A 

concentration of 1 05 mg/L COD compared to the previous concentration of about 
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1 200 mg/L. This small amount of VFA was most likely generated by insitu 

fermentation within the pumping tubes. Cech and Hartman ( 1 990, 1 993), and Satoh 

et al. ( 1 994), had previously attributed the proliferation of GAO's and the 

deterioration of EBPR to the presence of glucose as a substrate. Occasionally good 

EBPR can be achieved when glucose as used as the major carbon source (Mino et al. , 
1 998). With a substantial portion of the synthetic wastewater soluble COD present as 

lactose and possibly other sugars, the effect of removing the fermentation step could 

be detrimental to the EBPR process. Liu et al. ( 1 996), developed a glycogen enriched 

system and found that while acetate and glucose were consumed under anaerobic 

conditions and stimulated some phosphorus release, lactose was only consumed in 

trace amounts and resulted in no phosphorus release, but did result in some PHA 

storage. It should be noted though that the activated sludge biomass was cultivated 

using acetate and a low P/COD feed ratio, different than the conditions used in this 

study. After 34 days without the fermentation stage the reactor continued to remove 

phosphorus (33 mg/L). The amount of soluble COD consumed in the anaerobic zone 

(624 mg/L) was greater than all the other previous zone systems except the 1 5  day 

SRT AO system. The consumed COD was also slightly greater than the combined 

COD consumption (6 1 5  mg/L) of the extended anaerobic zone AAO (EAAO) system. 

A net amount of 1 05 mg/L VF A COD (acetic acid and iso-valeric acid) was generated 

in the anaerobic zone. The amount of anaerobic phosphorus release (25 .8  mg/L) was 

similar to the amount of anaerobic phosphorus release in the AAO and EAAO 

systems but less than the release in the AO systems. This showed that simultaneous 

fermentation, COD consumption and phosphorus release can occur in the anaerobic 

zone. The value of Y P04 (0.04mg P/mg COD) for the continuous reactor was less than 

the other reactor systems with active EBPR supporting the possibility that the fraction 

of competing organisms in the sludge had increased due to the change in wastewater 

characteristics (increased carbohydrates). The most noticeable change was the value 

of Y P04 for the acetate batch test using mixed liquor from the reactor of only 0.04 mg 

P/mg COD. The high PHA concentration in the anaerobic zone of 1 20 mg COD/g TS 

also supported the possibility that the fraction competing organisms had increased. 

In this study, the viability of the EBPR process was maintained for 34 days after the 

cessation of separate wastewater fermentation, but as stated there were indications 

204 



Chapter 8 :  Influences on Phosphorus Removal 

that the biomass characteristics had changed. It can be concluded that failure of the 

fermentation stage would not lead to the immediate collapse of the EBPR process. 

The importance and requirement of counter ions to the EBPR has been well 

documented (Comeau et aI., 1 986; Pattarkine and Randall, 1 999; Wentzel et al., 
1 99 1 ). More recently, Danalewich et al. ( 1 998), and Ky et al. (200 1 ), have identified 

a potential limitation of magnesium in some dairy processing wastewaters. A profile 

of the magnesium, calcium and potassium concentrations for the 1 5  day SRT AO 

system showed that all three metal ions were released under anaerobic conditions with 

subsequent uptake occurring under aeration. Magnesium was measured at only 4 .2  

mg/L in the fermented wastewater, below the suggested limiting concentration of 1 0  

mg/L (Ky et al., 200 1 ). By zone 5 the magnesium concentration had decreased to only 

0.3 mg/L. The stoichiometric ratio of both magnesium release to phosphorus release 

and magnesium uptake to phosphorus uptake were 0. 1 7  and 0. 1 6  mg Mg/mg P 

respectively. This was similar to the experimental value determined by Ky et al. 
(2001 ), of 0. 1 57 mg Mg fmg P, and slightly less than the typical range suggested by 

Comeau et at. ( 1 986), and Christensson ( 1 997). While low magnesium concentrations 

lead to a decrease in the phosphorus uptake rate, there was no negative effect on the 

stability of the EBPR process. Calcium and potassium can also function as counter 

ions. The total sum of the charges under both anaerobic and aerobic conditions (molar 

basis) should be equal to about 1 (Comeau et al., 1 986). This was the case under 

anaerobic conditions with a sum of 1 .0 1 ,  but under aerobic conditions, the sum was 

only 0.84. The lower aerobic total charge is likely due to analytical errors in 

potassium determination due to the high dilution required ( 1  :50) and also the 

depletion of magnesium under aeration. 

8.6 Conclusion 

Chemical phosphorus precipitation in the study in Chapter 5 was only 0. 1 8  % mg 

Pfmg VSS. It was assumed that the precipitation of phosphorus as calcium phosphates 

would be the most likely form of chemical phosphorus removal with dairy processing 

wastewater. A mass balance of the calcium concentration for the 1 5  day SRT AO 

system showed that a maximum of 0.26 %mg Pfmg VSS could be due to precipitation 

with calcium. Chemical phosphorus was not a significant factor in this study. 
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Removal of the fermentation stage from a well functioning EBPR system did not lead 

to an immediate deterioration of the EBPR process. After 34 days a large amount of 

biological phosphorus removal was sti l l  occurring. By analysing the stoichiometric 

ratio's  that are used to characterise the EBPR process, it appeared that the fraction of 

competing organismss had increased. By this stage, the value of Y P04 had decreased 

to 0.04 mg P/mg VSS for both the continuous reactor and the acetate batch test. This 

is typically an indication of a higher proportion of competing organisms in the sludge, 

as this lowers the value of Y P04. 

Anaerobic release and aerobic uptake was observed for the counter ions magnesium, 

potassium and calcium with the 1 5  day SRT AO system. The low magnesium influent 

concentration of 4.2 mglL resulted in a near zero final aerobic zone magnesium 

concentration. The stoichiometric magnesium to phosphorus release and uptake ratios 

were not substantially different to l iterature values. The low influent magnesium 

concentration in this study did not have a detrimental effect on the EBPR stability in 

this system, which was operated for 79 days. Both calcium and phosphorus were 

present in excess to their metabolic requirements. 
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CHAPTER 9 

Final Discussion and Conclusions 

9.1  Introduction 

This project was undertaken to study the feasibility of enhanced biological 

phosphorus removal from a phosphorus rich dairy processing wastewater. The 

synthetic wastewater used was similar to New Zealand milk powder manufacturing 

sites. The objective was to determine the operating parameters and the configuration 

of a continuous activated sludge system that would achieve a high and stable level of 

biological phosphorus removal . 

The literature review provided very little information on the use of continuous EBPR 

reactor technology for successful biological removal from dairy processing 

wastewater. Information on successful biological phosphorus removal had only been 

reported with sequencing batch reactor (SBR) technology (Comeau et al. , 1 996; Ky et 

al., 200 1 ). It was noted that there was a vast amount of information on the 

biochemical mechanisms and microbial characteristics of the EBPR process as well as 

its application to domestic wastewater treatment. Information on the application of the 

EBPR process to the treatment of industrial wastewaters is scarce, especially full­

scale processes. 

The activated sludge reactor trials conducted during this study initially concentrated 

on developing a system that would achieve stable EBPR. Because dairy processing 

wastewater can have highly variable nutrient concentrations, it was desirable to 

investigate nutrient removal systems that could remove both nitrogen and phosphorus 

or phosphorus only. As full anaerobic VF A consumption was not achieved, an 

extended anaerobic zone H RT system was also tested. Using information from 

literature, the influences of certain wastewater characteristics on the EBPR process 

were studied. Some of these characteristics are unique to dairy processing wastewater, 

such as the high carbohydrate content and the concentration of certain metal cations. 
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Chapter 9: Final D iscussion and Conclusions 

The wastewater phosphorus concentration of between 95 mg P/L and 1 05 mg P/L 

used in this study could be reduced generally by between 35  and 40 mg P/L. This 

compared to the 40 to 50 mg P/L of phosphorus removal claimed by Comeau et al. 
( 1 996). The fermented wastewater treated in that study was similar to the fermented 

wastewater treated in these trials. The principle difference was that the Comeau et al. 
( 1 996), SBR sludge contained 2 . 1 %mg P/mg VSS of precipitated/adsorbed 

phosphorus. In this study, the precipitated fraction amounted to approximately 0.25% 

mg P/mg VSS.  The fermented cheese processing wastewater used in the Comeau et 

al. ( 1 996) study, had a calcium concentration of 6 1  mglL compared to 1 5 .3 mglL in 

this study. An extra 2.0 % mg P/mg of sludge phosphorus due to precipitation with 

calcium amounts to about an extra 1 0  mglL of phosphorus removal. If this extra 

amount of precipitation was achieved in this study then the amount of phosphorus 

removed would increase to between 45 and 50 mglL, similar to the Comeau et al. 
( 1 996) study. 

The intention of this study was to maximise biological phosphorus removal, when 

treating a typical milk power manufacturing wastewater, as opposed to maximising 

phosphorus precipitation by the addition of extra calcium. Other studies have tried to 

maximise the role of chemical phosphorus precipitation with high phosphorus 

containing wastewaters. Manga et al. (2000), studied an SBR system with what they 

called a high phosphorus concentration of 30  mglL and an acetate COD of only 230 

mglL and they attributed 5 mg P/L of phosphorus removal to precipitation at an SRT 

of 1 7  days. Filauro et al. ( 1 99 1 ), used a phostrip pilot plant that achieved 99% 

phosphorus removal from a combined municipal and pig wastewater with an influent 

phosphorus concentration of 1 00 mg/L. The COD of the wastewater was 2800 mglL. 

In this system phosphorus is anaerobically released from the RAS stream using COD 

(VF A) from part of the influent stream and then chemically removed through 

precipitation. While no information was provided on the specifics of any EBPR 

details, chemical phosphorus removal appeared to be the main removal mechanism. 
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9.3 Reactor System Comparisons 

In this section the reactor systems that exhibited phosphorus removal with fermented 

wastewater are compared. Combined nitrogen and phosphorus removal systems 

generally exhibit phosphorus release in the anaerobic stage and phosphorus uptake in 

the anoxic and aerobic stages. The AAO and EAAO systems in Chapter 6 exhibited 

both phosphorus release and COD consumption in the anoxic zone, which was 

beneficial to phosphorus removal. The AAO and EAAO systems at 1 0  day SRT's 

removed an extra 2 .7 to 6.8 mg P/L over the AO systems at 1 0  and 1 5  day SRT's 

(Figure 9. 1 ). 

The total amount of phosphorus release in the unaerated zones at the time of the zone 

study for each system in Chapters 6 and 7 that exhibited EBPR, is shown in Figure 

9.2. It is interesting that despite the AAO and EAAO systems having a greater 

unaerated HRT (4.5 and 7 .5  hours respectively), the total amount of phosphorus 

release was not substantially different for the AAO, EAAO and AO systems. The 

main difference was either a low anaerobic phosphorus release rate (EAAO system) 

or a combination of a low release rate and a lower VSS concentration (AAO system). 

The lower VSS concentration in the AAO system was due to cell lysis from the low 

aerobic respiration rate from zones 6 to 1 0  of 5.6 to 4.8 mg 02/g VSSIh. The low 

phosphorus release rate for the EAAO reactor was attributed to an increase in the 

population of competing organisms over the 40 days of operation. These indications 

of an increase in this microbial population was not unexpected as Satoh et al. ( 1 994), 

had previously identified long anaerobic retention times as a stimulus for GAO 

growth. 

The consumption of COD in the anaerobic/unaerated zones of EBPR systems is not 

necessarily related to the efficiency of phosphorus removal in sludges that have a 

reasonable proportion of competing organisms (Oehmen et al. , 2000). The factors that 

are thought to stimulate the growth of competing organisms are discussed in Chapter 

2, and have been summarised by Satoh et al. ( 1 994), and Mino et al. ( 1 998). Figure 

9.3 shows the total amount of COD consumption in the unaerated zones and the 

amount of phosphorus removed relative to the unaerated retention time for the four 

systems that exhibited EBPR when treating fermented wastewater. The slope for the 
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COD consumption data is 5 1 .4 compared to only 1 .4 for the phosphorus removal data. 

While this figure indicates that increasing the un aerated fraction results in a high 

amount of COD consumption, it results in only a relatively small increase in 

phosphorus removal. This divergence shows that there is an increasing proportion of 

microorganisms, that can remove COD without contributing to the EBPR process 

with larger unaerated reactor fractions. Once aspect that was not investigated here was 

the long term effect of doubling the anaerobic retention time as with the EAAO 

system. The AAO reactor was operated for 1 58 days compared to 40 days for the 

EAAO reactor. The assumption stated in Chapter 3 that operating a reactor for at least 

three SRT's lead to "psuedo steady state' may not necessarily be true for these EBPR 

configurations. Long term operation of the EAAO reactor may risk the further 

dominance of competing organisms and a resulting deterioration in biological 

phosphorus removal . Whether a system such as the EAAO configuration can maintain 

stable, long term high phosphorus is a factor that is worthy of further research. 
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Figure 9. 1 :  The total phosphorus removed in each system at the time of the zone 

studies. 
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Figure 9.2: Overall unaerated zone phosphorus release and anaerobic zone only 
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Figure 9.3: The relationship of the soluble COD consumption in the unaerated zones 

and overall phosphorus removed relative to the unaerated fraction HRT for 1 0  day 

SRT reactors. 
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The AO reactor when operated at an SRT of 1 5  days had a high amount of COD 

consumption (709 mglL), yet only removed 34.5 mglL of phosphorus after 79 days of 

operation. The amount of phosphorus release for this reactor was very similar to the 

1 0  day SRT system, yet consumed 3 1 0  mglL more soluble COD. It was noted that 

over the period of operation there was a decreasing anaerobic zone COD 

concentration to the stage that at 70 days it had reduced to 58 mglL. The conditions at 

an SR T of 1 5  days appeared to be favourable for the gradual growth of competing 

organisms .. Comeau et al. ( 1 996), operated an SBR at an SRT of 20 days in their 

EBPR study using fermented cheese processing wastewater for two periods of about 

80 days without any obvious deterioration in phosphorus removal. As mentioned for 

the EAAO system, long term operation for a period of about 6 months (- 1 80 days) or 

longer at the same configuration and parameters, would be necessary to investigate 

the sensitivity of these EBPR process to EBPR deterioration at longer SRT's and 

anaerobic HRT's. 

A decreasing ratio of anaerobic phosphorus release to COD consumed (Y P04) i s  also 

used as an indication of GAO activity (Oehmen et al., 2000). Figure 9.4 shows the 

change in the batch test Y P04 value with increasing anaerobic/anoxic COD 

consumption. The values for Y P04 were determined from batch tests with acetate as 

the sole carbon source. The decrease in Y P04 is a strong indication that increasing 

unaerated COD consumption may result in an increase in the proportion of competing 

organisms . .  The value of YP04 used in Figure 9.4 from the EAAO batch test, was 

calculated from the initial high rate of phosphorus release in the first 1 80 minutes. 

The medium term influence of partial fermentation on an existing EBPR reactor was 

investigated as it has been reported that sugars, especially glucose can in some 

instances result in EBPR deterioration (Cech and Hartman, 1 990, 1 993). After 34 days 

of operation, a reactor that was feed a partially fermented dairy processing wastewater 

(VFA= 1 56 mg COD/L) did result in a small decrease in the overall amount of 

phosphorus removal (33.8 mg P/L). The most notable change was that while the Ypo4 
value had decreased to 0 .04 mg P/mg COD for the continuous reactor the value 

calculated from the acetate batch test was only 0.04 mg P/mg COD as well. The rate 

of phosphorus removal decreased to 1 .9 mg Pig VSSIh almost the same as for the 
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EAAO system ( 1 .6 mg Pig VSS/h). From the perspective of phosphorus removal only, 

the medium term effect of removing the fermentation step was only minor although 

the sludge metabolic characteristics had changed significantly. This supports the 

earlier comment that the changing of biomass towards a sludge dominated by 

competing organisms appears to be a very gradual process. 
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Figure 9.4 : The change in Y P04 determined from acetate batch tests relative to the 

continuous reactor total soluble COD consumption in the unaerated zones. 

9.4 Full-Scale Implications 

Based on: 1 )the lack of EBPR in Chapter 5 with the preliminary systems, 2) the 

changing activated sludge biomass when the fermenter was removed, and 3) previous 

literature information, the inclusion of a separate pre-fermentation step is a 

fundamental requirement. A fermentation reactor with pH and temperature control 

may not be required. Comeau et al. ( 1 996), and Jovic ( 1 998), have shown that simple 

flow balancing tanks with an H RT between 1 2  and 24 hours can generate high 

concentrations of VF A's .  This also has the advantage of evening out variations in the 

wastewater characteristics that result from in-plant alternate production and cleaning 

cycles. This study has shown that while insitu anaerobic fermentation can take place 

there is also a high risk of milk carbohydrates resulting in a gradual change in the 
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sludge characteristics that may eventually lead to EBPR deterioration. It appears that 

the occasional ' slug' of unfermented wastewater, if the balance tank is overloaded or 

bypassed for maintenance purposes, should not result in the rapid deterioration of the 

EBPR mechanism. 

Operating at an SRT of 1 0  days and an anaerobic retention time of  3 hours resulted in 

a stable system in this study. These parameters can be easily achieved in full-scale 

design, but care should be taken to maintain an accurate SRT. Failure to do this may 

result in a gradual deterioration in phosphorus removal. The use of a flow- balancing 

fermentation stage, should also assist in maintaining a consistent anaerobic retention 

time. The flexibility to readily alter the anaerobic H RT (volume) i s  recommended, as 

this could be useful for process optimisation. 

In this study chemical phosphorus precipitation was minimal, but where possible 

simultaneous phosphorus precipitation should be encouraged, by maintaining an 

elevated aerobic phase pH. It should be noted that the amount of chemical 

precipitation is highly dependent on the wastewater characteristics especially the 

calcium concentration (Carlsson et aI. , 1 997). This will vary not only between 

manufacturing sites, but also potentially within a site. It is possible that changing 

production schedules will result in changing wastewater calcium concentrations. 

Magnesium has been identified as a potentially limiting nutrient with dairy 

wastewaters. While this study showed that a relatively low wastewater magnesium 

concentration of 4.2 mglL did not inhibit the EBPR process, routine wastewater 

magnesium measurements would be recommended in any full-scale application of the 

EBPR process. 

Due to the fact that approximately 40 mglL of phosphorus is the maximum that could 

be expected to be removed without significant simultaneous chemical precipitation, it 

is recommended that the provision for chemical dosing (eg. Fe C13) be included for 

wastewaters that have phosphorus concentrations above about 35 mglL. For 

wastewaters with phosphorus concentrations above 1 00 mglL, chemical phosphorus 
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removal is probably the technology of choice unless waste minimisation practices can 

reduce the influent phosphorus concentration. 

The influence of temperature on the reactor operation was not quantitatively 

investigated in this study as all reactors were operated at constant temperature. The 

EBPR process is not as sensitive to decreasing temperatures as nitrification and high 

levels of phosphorus removal have been observed down to 6 QC (Brdjanovic et aI., 
1 997). As nitrification is the limiting factor at low temperatures, a full-scale system 

would be designed to permit the required degree of nitrification at the lowest 

anticipated operating temperature. Dairy processing wastewaters can be discharged 

above 40 QC (Danalewich et aI. , 1 998), due to the requirement to clean process 

equipment with hot water. The relatively close distances from the manufacturing plant 

to the treatment process would result in only small decreases in the wastewater 

temperature prior to treatment, even in cooler seasons. If  the fermentationlbalance 

tank stage lacked temperature control the amount of acidification would decrease 

during low temperatures and the presence of carbohydrates in the fermenterlbalance 

tank effluent could result in EBPR deterioration due to a changing biological 

population and the dominance of competing organisms. In cooler regions it would be 

wise to have supplementary heating for the fermentation stage. 

9.5 Future Research 

While this study has provided answers and established the basis for the application of 

continuous reactor EBPR technology to the treatment of dairy processing wastewater 

it has also raised some questions. This thesis provides the basis for future research, 

because little published information is available that investigates the application of 

EBPR to dairy processing wastewaters. Recommendations for future research are as 

fol lows: 

• Establish the optimum anaerobic retention times for specific VF A concentrations 

and investigate the effect of operating with an extended anaerobic HRT over the 

long term (eg. 6 months). 
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• Determine the effect on the EBPR process of different reactor HRT's .  In this 

study an HRT of 2.5 days was used, but the effect of decreasing or increasing this 

HRT was not investigated. Retrofitting an existing fully aerated long HRT aerobic 

activated sludge plant may not be successful. Literature suggests that excessive 

aeration can lead to the deterioration of EBPR systems (Brdjanovic et al., 1 998). 

• Undertake a comprehensive characterisation of New Zealand dairy processing 

wastewaters, especially in regard to magnesium, calcium and potassium 

concentrations. Currently this information is very limited. 

• Investigate the possibility of increasing simultaneous phosphorus precipitation by 

artificially increasing the wastewater calcium concentration. 

• Different reactor operational parameters should be assessed for long term trends, 

as it appears that the negative influence of competing organisms IS a gradual 

process. 

• During activated sludge reactor trials, the concurrent characterisation of the 

microbial population is also recommended if possible. 

9.6 Recommendations 

• A fermentation stage is critical to both generate a high concentration of VF A 

and to prevent carbohydrate intrusion into the activated sludge anaerobi c  zone. 

While insitu fermentation can take place in the anaerobic zone there is also a 

risk that carbohydrates present in the wastewater will result in the deterioration 

of phosphorus removal due to a changing population favouring competing 

organisms. 

• Operate the EBPR process at an SRT of 1 0  days. Failure to accurately control 

the SR T at 1 0  days could also cause phosphorus removal to deteriorate due to 

the proliferation of competing organisms. 
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• An activated sludge reactor HRT of 2.5 days is  recommended as this resulted 

in stable and sustainable biological phosphorus removal at an SRT of 1 0  days. 

• Size the anaerobic zone for an actual retention time of 3 hours, as this will 

both maximise the utilisation of VF A COD and maximise anaerobic zone 

phosphorus release. Longer anaerobic retention times resulted in moderate 

increases in VF A consumption, but only a marginal increase in phosphorus 

removal . 

• Carefully characterise the dairy processing wastewater to determine whether 

nitrogen removal is required or not. The EBPR process is marginally more 

effective with anoxic zones but is still stable and capable of removing 

significant amounts of phosphorus without anoxic zones. 

• 

l imitation of magnesium or potassium as these are important counter ions in 

the EBPR process and are occasionally present at low concentrations in dairy 

processing wastewaters. 

• As about 40 mg P IL is the maXImum amount of phosphorus that can be 

removed biologically, greater phosphorus removal would require chemical 

precipitation or phosphorus minimisation at source. 
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CHAPTER 10 
Appendix 

Chapter 1 0: Appendix 

Table 1 0. 1 :  Aerobic Readily Biodegradable Test Data, SIX ratio 0[ 0.05 

Concentrate COD filtered-
Substrate COD COD total = 

202 1 7  mg/L 
3241 1 mg/L 

Volume of concentrated feed added (filtered)- 4ml TSS= 1 925 mgll 

Volume of mixed liquor (aerated)= 1 litre 
Mixed liquor aerated for 1 .5 hours prior to test 

Time mm time 

0 81 
5 6 1  

1 0  93 
1 5  36 
20 98 
30 78 
40 55 
50 1 07 
60 77.5 
70 1 00.5 
80 69 
90 77 

1 1 0  1 04 
1 20 70 
1 30 70 
1 40 76 
1 50 78 
1 60 87.5 
1 70 64 
1 80 1 00 
1 90 75 
200 49.5 
2 1 0  73.5 

VSS= 1 635 mgll 
COD added= 80.8667355 mgll 

Chart recorder settings 
1 mgll 00= 30.4 mm 

chart speed= 30 mm/min 

mm DO Time (minutes) delta DO 
(mg/L) 

63.5 2.70 2 .0 9  
49 2.03 1 .6 1  
7 7  3 . 1 0  2 .53 
21 1 .20 0 .69 

43.5 3.27 1 .4 3  
32 2.60 1 .0 5  
25 1 .83 0.82 
39 3.57 1 .28 

28.5 2 .58 0.9 4  
36 3.35 1 . 1 8  
25 2 .30 0 .82 

27.5 2 .57 0 . 90 
36 3 .47 1 . 1 8  

22.5 2.33 0.74 
22 2 .33 0.72 
23 2.53 0 .76 

20.5 2 .60 0.67 
21 2 .92 0.69 

1 5.5 2 . 1 3  0 . 5 1  
2 1 .5 3.33 0 . 7 1  
1 6 .5 2 .50 0 . 54 

1 1  1 .65 0 . 36 
1 5  2.45 0.49 

2 1 8  

OUR 
mglllmin 

0.77 
0.79 
0.82 
0.58 
0.44 
0.40 
0.38 
0.36 
0.36 
0.35 
0.36 
0.35 
0.34 
0.32 
0.31 
0.30 
0.26 
0.24 
0.24 
0 .21  
0.22 
0.2 2  
0.20 



Chapter 10 :  Appendix 

Table 1 0.2 :  Aerobic Readily Biodegradable Test Data, SIX ratio of 0. 1 2  

Concentrate 
Substrate COD 

COD filtered= 
COD total = 

Volume concentrated feed added (filtered)­
Volume mixed liquor (aerated)" 1 litre 

10 ml 

20217  
324 1 1  

TSS­
VSS= 

Mixed liquor aerated for 1 .5 hours prior to test COD added= 

2050 mgll 
1 750 mgll 
202 mgll 

Real Time ITime Imm time Imm DO time Lminl delta DO OUR OUR 
mQlllmin mQll/hr 

21 :20 0 27.5 48 0.92 1 .58 1 .72 103.35 
21 :30 10 36 61 1 .20 2.01 1 .67 100.33 
21 :40 20 31 50 1 .03 1 .64 1 .59 95.50 
21 :50 30 31 49 1 .03 1 .61 1 .56 93.59 
22:00 40 1 8  1 5  0.60 0.49 0.82 49.34 
22:10 50 51  40 1 .70 1 .32 0.77 46.44 
22:20 60 46 34 1 .53 1 . 1 2  0.73 43.76 
22:30 70 45 31 .5 1 .50 1 .04 0.69 41 .45 
22:40 80 36 22 1 .20 0.72 0.60 36. 18 
22:50 90 46 25 1 .53 0.82 0.54 32.18 
23:00 100 41 1 9  1 .37 0.63 0.46 27.44 
23:10 1 10 50 23 1 .67 0.76 0.45 27.24 
23:20 1 20 48 19 1 .60 0.63 0.39 23.44 
23:30 1 30 54 21  1 .80 0.69 0.38 23.03 
23:40 1 40 23 3.5 0.77 o.ze 0 .26 21 .ee 
23:50 1 50 49 1 7.5 1 .63 0.58 0.35 21 . 15  
0:00 160 49 1 8  1 .63 0.59 0.36 21 .75 
0:10 1 70 49 1 8  1 .63 0.59 0.36 21 .75 
0:20 1 80 36 1 3  1 .20 0.43 0.36 21 .38 

Table 1 0.3 :  Anoxic Readily Biodegradable Test (SIX ratio of 0.03) 

Substrate 

Dairy Processing WW 
Fermented WW 
Endogenous 

Added 
Soluble COD 

(mglL) 
85 
85 
o 

Reactor 
VSS 

(mglL) 
3065 
2975 
3 1 70 

SIX (based 
on Soluble 

COD) 
0.03 
0.03 

o 

Liquid 
Volume 
(litres) 
2.00 
1 . 84 
1 . 86 

Fermented Dairy Processing Wastewater Raw Dairy Processing Wastewater No Subslrate Addition (Endogenous) 

Time (mins N02-N NO:J.N NOx-N N02-N NO:J.N NOx-N N02-N NO:J.N NOx-N 

0 0.5 35.1 35.4 0.8 38.8 39.3 0.8 34.4 34.9 

20 0.8 28.7 29.2 0.0 35.0 35.0 0.8 33.3 33.8 

40 0.4 24.7 24.9 1.8 32.0 33.1 0.8 30.1 30.6 

60 0.0 23.0 23.0 2.4 30.4 31.9 0.9 30.7 31 .2 

80 0.0 21.8 21.8 3.0 28.6 30.5 0.8 29.4 29.8 

100 0.0 22.5 22.5 3.6 25.9 28.1 0.9 29.8 30.4 

120 0.0 21.1  21.1  4.1 24.6 27.0 0.9 26.6 27.2 

140 0.0 20.4 20.4 4.8 23.1 26.0 1 .0 26.6 27.2 

160 0.0 22.2 22.2 5.0 2 1 .7 24.7 1 . 1  25.7 26.4 

180 0.0 20.2 20.2 5.1 19.9 23.0 1 . 1  24.0 24.6 

200 0.4 20.3 20.5 5.1 18.2 2 1 .3 1.2 23.1 23.8 

220 0.5 1 7.4 17.7 5.6 1 7.1 20.5 1.2 22.1 22.9 

240 0.0 19.8 19.8 6.3 16.1 19.9 1.5 23.4 

2 1 9  



Chapter 1 0: Appendix 

Table 1 0.4: Anoxic Readily Biodegradable Test (SIX ratio of 0.08) 

Substrate Added Reactor SIX (based Liquid 
Soluble COD VSS on Soluble Volume 

(mglL) (mglL) COD) (litres) 
Dairy Processing WW 325 3850 0.08 2 .00 
Acetate 1 30 4445 0.03 2 .00 

Acetate Dairy Processina Wastewater 
Time Nitrate N03-N Nitrite NOz-N Nox-N Nitrate N03-N Nitrite NOz-N 

0 1 73.4 39.2 0.6 0.2 39.3 1 70.7 38.6 0.6 0.2 
15 1 40.3 3 1 . 7  21 .8 6.6 35.7 1 26.6 28.6 29.1 8.8 
30 1 00.6 22.7 40.7 1 2.4 30.2 91 .3 20.6 50.7 1 5.4 
45 66.7 1 5 . 1  63.3 1 9.3 26.6 6 1 .5 1 3.9 67.5 20.5 
60 35.2 8.0 88.2 26.8 24.0 40.7 9.2 80.8 24.5 
75 6.3 1 .4 1 07.0 32.5 20.9 28.7 6.5 88.8 27.0 
90 0.2 0.0 1 07.2 32.6 1 9.6 20.2 4.6 93.4 28.4 

1 05 0.0 0.0 100.4 30.5 18.3 1 3. 1  3.0 95.9 29.1 
1 20 0.0 0.0 94.5 28.7 17 .2  5.2 1 .2 97.4 29.6 
1 35 0.0 0.0 90.3 27.5 1 6.5 0.6 0.1  96.7 29.4 
1 50 0.8 0.2 85.7 26.1 1 5.8 0.0 0.0 92.3 28.1 
1 65 0 . 1  0 .0 79.6 24.2 1 4.6 0.0 0.0 88.2 26.8 
1 80 0.0 0.0 75.3 22.9 1 3.7 0.0 0.0 85.3 25.9 
1 95 0.0 0.0 70.1 2 1 .3 1 2.8 0.0 0.0 82.2 25.0 
2 1 0  0 . 0  0.0 66.9 20.3 1 2 .2 0.5 0 . 1  76.0 23.1 
225 0 . 1  0.0 62.5 1 9.0 1 1 .4 0.4 0 . 1  73.4 22.3 
240 0.0 0.0 57.5 1 7.5 1 0.5 0.5 0.1 70.6 2 1 .5 

o Fermentation Tests - Refer to Table 4 .8  in Chapter 4 for analytical data. 
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NOx-N 

38.7 
33.9 
29.9 
26.2 
23.9 
22.7 
2 1 .6 
20.5 
1 8.9 
1 7.8 
1 6.8 
1 6. 1  
1 5.6 
1 5.0 
1 4.0 
1 3.5 
1 3.0 
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Chapter 5 - Data 

Table 1 0.5 :  AAO Continuous Reactor Data - Unferrnented Wastewater 

ro;;y- TSS CmWll VSSCmoIll 
Anaerobic Anoxic Aerobic Effluent Anaerobic Anoxic Aerobk: 

1 2520 2120 2000 75 

5 2420 1840 2100 70 2120 1550 1840 

8 2400 1820 2150 70 2100 1570 1840 

14 3400 1870 2070 88 mo 1580 1700 

19 3380 2580 2010 60 2800 2140 1850 

22 2400 1820 2300 140 2000 1340 1930 

26 2350 lQ50 2200 Q5 1980 1500 1810 

2Q 2no 2700 2670 60 2330 2270 2210 

33 2800 2300 2370 40 2370 2000 1960 

36 2500 2050 2150 70 2140 1740 1700 

40 2600 2300 2160 75 2220 ,_ 1740 

47 3150 2600 2360 65 2830 2160 1970 

50 3160 2470 2020 140 2730 2070 1700 

o.y- pH Oiw>1ved Reactive orosohorus CmWll 
Anaerobic Anoxic Aorobk: AnaerobIc Anoxic AerobIc Effluen1 

1 6 6.5 7.7 1 1 6  89.3 51.5 57.4 

5 6.2 6.6 7.9 104.4 94.7 81.3 82 

8 6.5 7.2 7.9 105 00 82 81 

1 4  6.5 7.1 8.1 107 91 82 80 

19 7 7.3 8.1 100 00 88 83 

22 7 7.2 8.2 99 00 85 81 

26 7.1 7.5 8.1 98 Q3 86 00 

2Q 6.9 72 8.3 Q6 95 86 85 

33 7.05 7.55 8.18 100 Q3 Q3 Q2 
36 7.1 7.56 8.27 97 Q2 65 84 

40 6.9 7.5 8.3 97 Q3 91 86 

47 6.9 7.3 8.2 99 95 86 86 

50 7.07 7.35 8.18 Q6 96 89 84 

o.y- Tol., P1lo0h0rusCrnoA.l Anoxic P·release Anaerobic P·release fmWLl 
Anaerobic Anoxic Aerobic Effluent � baedon Win lbased on DRPin 

1 0.52 4 1 .23 44.88 

5 168 131 1 85  0.05 14.01 17.66 

8 147 134 128 -5.30 15.24 16.89 
14 -5.45 17.88 2 1 .53 

19 188 155 1 36  87 -4.94 8.97 12.62 

22 -3.00 9.24 12.89 

26 214 169 145 85 0.06 2.53 6.18 
29 276 257 154 322 3.70 7.35 

33 -4.05 326 6.9' 
36 0.06 5.34 8.00 

40 -1.47 4.07 7.72 

47 189 166 147 91 1 .49 4.60 8.45 
50 4.95 4.34 7.00 

� �V1 
COOsol remo .... ed ICODtol rerroved 

COOCmoIll 
Anaerobic Anoxic COO removed Aerobic 

1 
5 242 

8 100 610 218.3 583.3 250 1 19.5 40 

14 102 8QO 345 1842 35 

19 re 350 484.7 849.6 216 7.4 50 

22 385 440. 1 805.1 206 31 .3 35 

26 105 825.1 , , 9t1 1  35 

2Q 124 480 345. 1 710.1 300 -7.8 35 

33 118 3 1 1  514. 1 879.1 140 54.5 35 

36 140 3Q5 439.7 804.8 155 94.4 50 

40 180 505 313.8 678.6 221 81.5 25 
47 175 525 309.7 674.6 255 69.6 50 

50 120 445 383.3 748.3 230 44.1 40 

o.y- Nitrate {mq m.) NH3N l mo NILI 
Anaerobic Anoxic Aerobic Effluent Anaerobic Anoxic Aerobk: 

1 

5 

8 

14 0 9.6 4. 1 1 .6 
19 0.2 5.6 5.4 2.76 5.6 0.1 

22 0 6.4 6 0.3 

26 
29 

33 0.1 0.3 8.8 9.2 1 1 .4 5.6 0.3 

36 0.2 0.2 7.7 7.4 13.9 7.6 0.4 

40 0 0 9.3 10 9.9 0.9 

47 0 0.3 9.9 9.9 15 10.4 02 

50 

22 1 

Anaerobic 

0.88 

0.88 

0.86 

0.83 

0.83 

0.84 

0.84 

0.85 

0.86 

0.83 

0.83 

0.86 

P removed 

(mgIL) 
47.6 

23 

24 

25 

22 

24 

15 

20 

1 3  

21 

1 9  

1 7  

2 1  

Anaerobic 

2.63 

1 .75 

2.60 

4.94 

6.50 

2.66 

VS&'TSS 
Anoxic 

0.88 

0.86 

0. 85 

0.84 

0.83 

0.82 

0.84 

0.84 

0.85 

0.83 

0.83 

0.84 

%P remo'l9d 

45.3 

21.9 

22.9 

23.8 

21.0 

22.9 
14.3 

19.0 

12.4 

20.0 

18. 1 

16.2 

20.0 

%mo P/mo VSS 
Anoxic 

1.97 

2.42 

2.52 

3.00 

6.00 

2.73 

% COD removed Effluent total 

98.8 

98.9 280 

98.4 180 

98.9 115 

98.9 83 

98.9 

96.9 

96.4 100 
99.2 

96.4 

98.8 100 

Effluen1 

1 .8 

0.2 

0.2 

0.4 

0.13 

0.6 
0.8 

Aerobic 

0.84 

0.86 

0.82 

0.83 

0.81 

0.82 

0.83 

0.83 

0.83 

0.81 

0.83 

0.84 

Aerobic 

4.55 

2.50 

2.91 

3.26 
3.08 

3. 10 

Effluent sol 

80 

50 

45 

40 

45 

50 

30 

70 

25 

30 
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Table 1 0.6: MUCT Continuous Reactor Data - Unfermented Wastewater 

;;a-- Anoxic 1 
• 1700 .540 
3 1380 •• eo 
6 1770 2500 
'S 1810 2400 
'8 '520 2400 
22 '580 2470 
25 1810 2300 
20 1 1 50 lBOO 
32 '545 20eo 
35 '250 '820 
38 l1eo 1875 

� Anaerobic Anoxic 1 

'S 
'0 
22 
25 
20 
.2 
35 
30 

5.31 
8.15 
S.S 
S.S 
6.5 
6.6 
S.O 

7 
S.S 
S.S 

S.' 
S.5 
S .• 
S •• 
0 .• 
7.1 
7 3  
7 2  
S .  

S."" 

TSS rmoll) 
Anoxic: 2 ""- Effluen. 

22.0 2220 .00 
20.0 20.0 60 
2025 2435 eo 
22eo 2070 20 
2520 22eO 00 
22'0 22eO 70 
2'30 2270 75 
'880 1050 75 
1880 1750 '00 
1740 '000 75 
'285 '500 '00 

pH 
Anoxic 2 Aerobic EfflU$I'l1 

8.74 
e,Cil1 
7.5 
7.S 
7.7 
7.5 
77 
7 0  
74 
7.S 

7.2 
7.45 

o 
o 

0.2 
7 .• 
7 .• 
a. 
0.' 
8.' 

7.42 
8.' 
8.2 
6.3 
8 

8.2 
8.2 
8 

8.3 

Total Phot;phorus (mall) 
Feed Anaerobic Anoxic 1 Anoxic 2 Aerobic 

1& 
'8 
22 
25 
20 
32 
35 
38 

128.3 
"S 
"5 
'50 
'40 

" ,  
'48 
'22 

ro;y-Anaerobic 
, 
3 
8 
'S 
'8 
.t.L 
25 
20 
32 
35 
38 

"", 
... 
020 
035 
050 
785 
880 
008 
847 
8'8 

125.9 
'28 
'37 
'03 
'34 
'34 
"4 
15' 
'20 

Anoxic 1 

682 
864 
570 
800 
o<v 
485 
532 
05. 
523 
544 

ro;;y---Anaerobic AnCIJOC 1 

'S 
'8 
22 
25 
2. 
32 
35 
38 

o.y-, 
3 
8 
'6 
'8 

22 
25 
29 
32 
35 
38 

Anaerobic 

16.6 
1 7 8  
24 

33.1 
35.8 
31 .3 
40.2 
23 3 

0 04  
0 2  
0.' 
0 '  

0.2 
0 2  
0 '  

Anoxic 1 

1 8.7 

17.8 
2 ' 2 
23.2 
21.6 
22.8 
25 , 
1 8.2 

139.1 
138 
'5' 
'S8 
,« 
,« 
'2' 
'52 
'38 

357 2e8 
,.5 
235 
,0V 
,eo 
'.3 
'8. 
2'4 
17S 

NOlt-N (mAA.l 

147.8 
'3. 
'4' 
'8' 
'32 
'35 
'23 
,4, 
'20 

'53 
40 
35 
30 
a 
20 
42 
47 
32 
32 

141.3 
130 
,« 
'54 
173 
'38 
'24 
'4, 
'32 

COO (mall) 
Effluenl lOtal 

84 
86 
SO 
OD 
.. 
54 
58 
73 
68 
57 

AnoJOC2 Aerobtc Effluent 

0 1  
0 '  
0 2  
0 1  

0.' 
0 '  
0 '  

5.S 
28 
' 2  
4 '  

3.7 
3.7 
, 4  

NH,·N (mgll) 
Anoxic 2 Aerobic 

12.9 9 8  
7 6  0 2  . , 0 '  
7 8  0 '  
9.6 0 4  
8 8  0 '  
9 8  0 2  
' 0 2  2 8  

5.2 
3.7 
2 7  
3.8 

3.0 
4.3 
1.2 

Effluent 

5 '  
0 '  
0 2  
0 2  
0.' 
0 '  
0 2  
' 3  

""--
.50S 
'295 
'650 
1700 
1410 
,480 
'880 
'040 
1380 
1 140 
1070 

Feed 

02.3 
1023 
04.5 
•• 
.. 
72 
go 

Effluen. 

00 .• 
.2 
'04 
'57 
110 
go 
.2 
,4' 
.7 

Effluent $01 

S3 
48 
35 
35 
.... 
25 
23 
20 
3' 
25 

0.' 
o 
o 
o 
o 
o 
o 
o 
o 

VSS (mWL) 
Anoxic 1 Anoxic 2 "".- ""-_ .400 '970 '950 0.02 

'840 2420 , .. 5 0.04 
2360 2380 2'00 0,93 
2200 2'00 '800 0.04 
21eo 2250 2020 0.93 
2240 20'0 2070 0.03 
2080 '.20 2020 0,02 
1810 18eo 1700 0.00 
1810 1810 1510 0.88 
IS30 1570 1510 0.91 
1480 1 1 00  1375 0.91 

Oiseolved Reactive Pho$llhorue (mQIL) 
Anaerobic AnoKic 1 Anoxic 2 Aerobic 

103.2 
105.8 
102.1 

'05 
.5 
• 8 
75 
'05 

, 48 
1.85 
4.28 
, go 
2 35 
'.54 
5.59 
'.84 

feed total 

3308 
34.5 
3200 
>v'v 

3527 
3208 
3187 
3427 

Anoxic 1 

0.2 
0.0 
o 
o 
o 
o 
o 
o 
o 
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110,9 
101.7 
106.9 
'07 
.3 
.. 
85 
'02 

1 08 5  
101.3 
101.4 
'00 
8. 
.2 
73 
go 

%mQ P/mg VSS 
Anc»dc 2 

1.14 
2.15 
2.85 
1.1'5 
2.45 
'.05 
3 70 
2.00 

feedaoluble 

2774 
28eo 
2240 
,-

2'45 
2220 
238. 
2210 

No,-N (mgll.) 
Anoxic 2 Aerobic 

0.2 
0.0 
o 
o 
o 
o 
o 
o 
o 

' 38 
, 8. 
2.85 
' 50  
2.40 
1.87 
4 22  
1.91 

-... 
"5 
... 
'wo 
'048 ... 
.72 
1015 
'054 

0.2 
3 5  
8 '  
4 8  
8 3  
8 .• 
8.' 
8.4 
, 3 

Effluen. 

108.5 
go., 
97.1 
"" 
87 
03 
7S 
., 

1.42 
2.38 
2.82 
3.77 
2.43 
1.82 
2.20 
2.72 

400 
444 
485 
485 
ouo 
548 
468 
472 
5'5 
554 

0 .• 
3.4 
8.2 
5.8 
• 

8.3 
4.6 
8.' 
2.7 

VSSlTSS 
Anoxic 1 

0.01 
0.03 
0.02 
0.02 
0.01 
0.01 
0 .• 
0.80 
0.87 
0.00 
0.87 

Effluent 

02.7 
QUI 
08.8 
.. 
.2 
.3 
54 
04 

SVI 

333 
3'. 
338 

'85 
'84 
178 

Anc»dc 2 ""-
o.eo 0.68 
0,93 0.03 
0.01 0.00 
0.02 0.01 
0 .• 0.80 

0,01 0.0' 
0 .• 0.e9 
0.60 0.87 
0.88 0.88 
0.00 0.89 
0.88 0.88 
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Chapter 6 - Data 

Table 1 0.7 :  Zoned AAO System - Fermented Wastewater 

Total Suspended Solids (TSS mgn) 
Day Ferm. feed Ferm. effluent Anaerobic rim. Anoxic Aerobic Effluent 

1 305 1370 3340 3340 3500 70 
6 450 1 130 3635 3615 3750 100 
14 265 1 200 3670 3920 3780 405 
21 445 760 3940 3920 3690 50 
29 330 730 3420 3430 3505 80 
34 295 790 2545 3105 3030 90 
41 330 650 3240 3545 3090 90 
49 325 695 2965 3535 2880 95 
56 345 690 4210 4960 3130 75 
63 355 685 4215 4015 3990 70 
70 300 780 3945 3670 3380 75 
77 775 715 3415 371 5  3550 55 
84 295 400 3930 3970 3950 60 
98 525 385 3955 3960 4095 60 
105 305 495 3045 2940 3410 45 
1 1 2  450 500 2540 2630 3000 60 
1 1 9  590 370 2550 2260 2460 70 
134 360 480 1955 1970 3000 50 
140 470 480 2370 2380 2455 80 
147 355 610 2700 2735 2720 60 
158 290 440 2380 2410 2585 75 

VolalLle Suspended Solids (VSS mgII) VSSlTSS Ratio 

Day Anaerobic Anoxic Aerobic Ferm. Eff Anaerobic prim. Anoxic Aerobic Ferm. Eff 

1 2670 2670 2665 0.800 0.800 0.761 
6 2940 2890 2910 0.808 0.799 0.776 
14 31 1 0  3165 2930 0.803 0.807 0.775 
21 3190 3173 2910 0.810 0.810 0.790 
29 2775 2770 2740 0.81 1 0.808 0.782 
34 2170 2610 2470 0.850 0.840 0.820 
41 2�Q 31)3.5 2593 Q �¥ Q 8� Q �39 
49 2530 3000 2410 610 0.853 0.849 0.837 0.878 
56 3585 4160 2580 620 0.852 0.839 0.824 0.899 
63 3440 3360 3190 660 0.816 0.837 0.800 0.964 
70 3325 3090 2745 725 0.843 0.842 0.812 0.929 
77 2920 3070 2870 675 0.855 0.826 0.808 0.944 
84 3270 3230 2970 385 0.832 0.814 0.752 0.963 
98 2975 2820 2835 355 0.752 0.712 0.692 0.928 
105 2330 2250 2290 305 0.765 0.765 0.672 0.961 
1 1 2  2035 2055 2100 480 0.801 0.781 0.700 0.960 
1 19 2025 1 795 1830 0.794 0.794 0.744 
1 34  1635 1620 2365 475 0.836 0.821 0.788 0.990 
140 1925 1905 1880 455 0.812 0.800 0.766 0.948 
147 2180 2130 2035 570 0.807 0.778 0.748 0.934 
1 58 1970 1970 1985 435 0.828 0.817 0.768 0.989 

COD (mgn 
Day Fermenter Effluent Fermenter Effluent Sol. Anaerobic Anaerobic COD ... con. Anoxic AnoXIC COO-=' con Aerobic Effluent \0\.81 

1 3005 1080 257 1 18 39.0 57 70 
6 3588 1526 210 584 1 1 7  19.0 62 89 
1 4  2960 1409 246 480 107 37.0 42 404 
21 2710 1 340 195 493 95 20.0 35 50 
29 2500 1 380 155 555 55 42.5 40 80 
34 2575 1400 320 398 175 2.5 35 77 
41 2280 1455 252 499 152 -3.0 46 63 
49 2509 1465 225 532 107 29.5 48 80 
56 2510 1 355 185 509 84 25.0 33 40 
63 2520 1310 71 597 30 18.5 26 46 
70 2540 1 230 63 568 38 9.5 32 45 
77 2422 1262 153 497 40 55.5 38 48 
84 1660 1200 59 554 29 13.5 26 34 
98 1 858 1312 75 599 34 21 .5 36 49 
105 1660 1310 123 544 45 28.0 23 35 
1 1 2  1950 1240 184 454 82 27.5 35 60 
1 1 9  1776 1 225 244 387 152 -1 1 .5 37 55 
1 34 2140 1325 169 517 99 8.5 46 58 
1 40 2040 1 255 210 439 96 30.0 42 63 
147 2000 1400 55 665 50 -2.5 40 47 
1 58 1 900 1300 183 481 104 1 .0 27 59 

223 
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Table 1 0.7 :  Continued . . .  
Reactor F/M Dissolved Reactive Phosphorus (DRP mgn) 

Day 9 COO$OlIg VSSld 9 COOtotJg VSSld Ferm.Feed Ferm. Elf. Anaerobic Anoxic Aerobic Effluent 
1 0. 1 6  0.45 108.9 107 1 1 8.2 1 1 2.6 71.6 68.2 

6 0.21 0.49 107 108.1 1 06 86.3 87.8 

14 0.18 0.39 1 1 3.9 108 104.9 1 00.6 79.9 78 

21 0.1 7  0.35 80.6 107 1 00.2 96.6 84.6 86.6 

29 0.20 0.36 101.6 108.9 100.9 97.8 92.5 90.9 

34 0.23 0.43 97.1 107 1 1 0.6 1 09.2 9 1 .4 9 1 .5 

41 0.21 0.32 94.2 107.8 108 107.3 95.5 93.3 

49 0.22 0.38 96.6 1 03.1 98.9 97.7 86.7 85.8 

56 0.16 0.29 102.6 109 107.1 1 04 83.9 8 1 .8 

63 0.16 0.30 98.9 102.9 98.7 87.6 82.9 83 

70 0. 1 6  0.33 96.6 109.3 1 0 1 .9 9 1 .6 84.8 84.3 

n 0 . 1 7  0.33 98.4 1 1 4.1 1 1 1 .9 95 85.9 85.3 

84 0.15 0.21 101 108.8 1 1 7.5 92.3 80.1 78.3 

98 0.18 0.26 101 1 1 2.8 1 21 .8 88.8 69.2 69 

105 0.23 0.29 94.2 1 1 2.1  1 28.5 1 1 8.6 67.9 67.5 

1 1 2  0.24 0.38 107.6 103.9 1 22.6 1 1 6.6 70.9 74.3 

1 1 9 0.26 0.38 94.4 99.2 1 29.2 1 1 8.6 73.4 70.1 

1 34 0.28 0.46 83.4 143.5 1 26.6 82.1 63.1 

140 0.26 0.43 89.8 96 97.1 90.2 70.6 63.1 

147 0.26 0.38 91.3 96.2 1 05.8 95.6 69 69.4 

158 0.26 0.38 89.7 96.4 106.8 99.8 62.6 65.1 

P removed mq/L P removed mq/L %P P-release mq/L Prel/CODcon Total Phosphorus (TP mg/I) 
Day based on TP based on DRP removed anaerobic mglmg: Fenn. Elf. AerobiC %mgPlmgVSS 

1 40.4 38.8 36.1 28.1 1 1 2  262.8 7.1 

6 30.3 1 9.2 26.0 5.9 0.01 1 1 6.6 245.4 5.5 

14 35.1 30 30.5 BA 0.02 1 1 5 263 6.2 

21 2 1 .4 20.4 20.2 3.9 0.01 1 06 243.5 5.5 

29 26.5 1 8  22.3 -4.05 -0.01 1 1 9 267.7 4.6 

34 1 8 . 1  1 5.5 16.5 10.1 0.03 1 09.5 165.2 3 

41 5.5 14.5 5.4 10.85 0.02 1 01 1 79.7 3.2 

49 1 7.5 1 7.3 16.8 3.9 0.01 1 04.2 1 65.8 3.3 

56 25.8 27.2 23.5 1 1 .35 0.02 109.7 1 75.8 3.6 
63 23.5 1 9.9 22.1 4 0.01 106.4 21 3.5 4.1  

70 21 .9 25 20.5 6.4 0.01 106.7 21 1 .7 4.6 

77 27.4 28.8 24.2 1 2 .6 0.03 1 1 3.3 201.2 4 
0 '  � o  , 30.5 �� . 'le '? &:: C.05 .. n., .., "1 &::; " " 5.e3 
98 43.6 43.8 38.7 30.9 0.05 1 1 2.8 334.1 9.35 

105 44.2 44.6 39.4 38.7 0.07 1 1 2. 1  8.5 

1 1 2  41 .6 29.6 37.0 29.2 0.06 1 1 2.5 254.3 8.74 

1 1 9  27.1 29.1 27.0 43.9 0.1 1 1 00.5 210.6 7.49 

1 34 21 .0 20.2 20.4 60.3 0.12 1 03.1 238.7 6.62 

140 34.5 32.9 32.8 1 3  0.03 105.1  202.6 7.03 

147 39.2 26.8 36.2 1 7  0.03 1 08.2 230.1 7.92 

158 37.6 31 .3 37.5 24.2 0.05 1 00.2 201.4 6.99 

SVI PHB and PHV Anaerobic(mg/g TSS PHB and PHV Anaerobic(mg CODl9TSS) 
Day PHB PHV Total PHB PHV Total %PHB 

1 140 

6 235 

14 251 

21 244 

29 21 1 

34 73 

41 71 

49 69.4 

56 108.5 

63 130 1 8.60 32.50 5 1 . 1 0  3 1 . 1 4  62.40 93.54 33.29 

70 100 

77 81 .7 22.40 21 .60 44.00 37.50 41 .47 78.97 47.48 

84 73.4 1 2.30 9.70 22.00 20.59 1 8.62 39.21 52.51 

98 75.7 1 7.90 9.80 27.70 29.96 1 8.82 48.78 61 .43 

105 62 34.50 20.70 55.20 57.75 39.74 97.50 59.24 

1 1 2  57 45.00 21 .20 66.20 75.33 40.70 1 1 6.03 64.92 

1 1 9  57 25.60 15.80 41 .40 42.85 30.34 73.19 58.55 

134 70 12.00 10.60 22.60 20.09 20.35 40.44 49.67 

140 101 .8 14.30 10.00 24.30 23.94 1 9.20 43.14 55.49 

147 75 1 3.8 7.3 2 1 . 1 0  23.10 14.02 37.12 62.24 

1 58 1 8.00 7.10 25.10 30.13 1 3.63 43.76 68.85 
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Table 1 0.7 :  Continued . . .  
Nitrate (N03-N mg�) Nitrite N02-N mg/l pH 

Day Aerobic Effluent Aerobic Effluent Anaerobic Anoxic Aerobic Effluent 
1 2 1.5 7.58 7.82 8.25 8.14 
6 1 .2 1.6 0.4 0.3 7.35 7.53 7.9 7.93 
14 3.3 1.5 0.5 0.8 7.31 7.64 8.34 8.27 
21 1 .6 1 .6 0.4 7.78 7.98 8.3 8.06 
29 5.2 5 0.7 7.65 7.95 8.18 8.12 
34 6.7 5.8 7.31 7.55 8.17 8.05 
41 10.6 10 0.3 7.58 7.82 8.24 8.1 
49 3.7 3.7 0.7 0.8 7.52 7.75 8.23 8.1 
56 4.9 3.8 0.7 0.9 7.88 8.02 8.41 8.25 
63 6.1 10.2 8.18 8.31 8.79 8.7 
70 4.4 5.1 8.1 5  8.25 8.68 8.61 
77 6.1 5.7 7.83 8.16 8.56 8.53 
84 19.8 19.3 1 0.9 8 8.18 8.52 8.38 
98 13.2 12.5 7.69 7.9 7.98 7.95 
105 8.4 7.5 7.52 7.65 8.09 8 
1 1 2  6.1 4.8 7.59 7.77 8.04 7.98 
1 19  7.49 7.72 8.1 8.01 
134 2.5 1 .5 
140 4 3.3 7.37 7.59 7.88 7.93 
147 7.33 7.S 7.88 7.86 
158 7.24 7.42 7.87 7.83 

Table 1 0.8 :  AAO Reactor Fennented Wastewater VFA Concentrations 

Day 

I. ,� I. I. I� 
/'"\l;t::::UC ,.... ' u�'U'IIl; 1 I-0U Y U ' <';  I::;U-OUlY' ' I;  f l-V(:1It;:IIt; ISU- VCllellt; I (/la, 

(mg COD/L) (mg CO OIL) (mg COD/L) (mg COD/L) (mg COD/L) (mg COD/L) (mg COD/L) 
6 466 21 0 340 5 1  237 78 1 381  

14  464 195 2 1 3  57 1 53 82 1 1 63 
21  485 21 1 288 55 1 84 88 1 31 0  
29 383 186 1 89 53 157  69 1 037 
34 462 21 6 207 38 141  0 1 064 
41 702 21 7 2 1 3  60 1 86 0 1 379 
49 437 258 298 69 2 10  98 1 371  
56 430 284 277 58 1 20 1 00 1 269 
63 434 177 242 73 1 1 0  0 1 036 
77 456 135 1 67 1 3  127 73 971 
84 468 154 1 77 1 3  147 81 1 040 
98 454 1 1 1  2 1 1  33 1 37 90 1 036 

1 03 436 136 202 32 1 47 85 1 039 
1 12 479 79 357 47 1 1 8 1 20 1 201 
1 1 9 395 136 290 55 1 1 5  1 23 1 1 1 4  
147 465 162 271 39 1 20 1 1 5 1 1 72 
1 55 468 1 1 8  237 45 92 98 1 058 

o AAO Zone Study Parameters - Refer to Table 6.4 in Chapter 6 for analytical 

data. 

o AAO Batch Test Parameters - Refer to Table 6.4 in Chapter 6 for analytical 

data. 

o Extended AAO (EAAO) Zone Study parameters - Refer to Table 6.6 In 

Chapter 6 for analytical data. 
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Chapter 7 - Data 

Table 1 0.9: Ferrnenter Operation during AO System Operation ( 1 5  day SRT) 

Acetic acid Propionic iso-BllIyric n-BllIyric iso-Valeric n-Valeric n-Caproic Total VFA COD 
Day mg COD/L mg COD/L mg COD/L mg COD/L mg COD/L mg COD/L mg COD/L mg COD/L 

9 474 302 41 222 87 78 10 1214 
1 7  451 1 86 78 271 87 89 1 5  1 1 77 
25 296 225 63 281 43 46 1 3  967 
3 1  374 277 82 213 62 75 1 0  1093 
40 421 98 36 228 33 1 5  1 8  849 
46 436 1 1 7 38 223 71 25 8 9 1 8  
74 359 200 0 204 68 127 10 968 
79 464 1 65 82 1 53 73 95 1 1  1043 

o AO Zone Study parameters at an SRT of 1 0  days (Chapter 7) - Refer to Table 

7.6 in Chapter 7 for analytical data. 

o AO Batch Test Parameters at an SRT of 1 0  days - Refer to Table 7.7 In 

Table 1 0. 1 0 : 1 5  Day SRT AO Reactor System 

TSS mQiL 
Day Feed Ferrnenter Anaerobic Aerobic 

9 225 460 2220 2740 

1 7  270 640 2300 2870 

25 235 530 4790 3060 
31 185 505 3875 4315 

40 260 795 4210 4535 

56 260 445 4475 4375 

74 220 580 4140 4300 
79 580 515 3810 4375 

COD mQIL 
Day Fennentet lOCal Fermenter Soluble Anaerobic -

9 2261 1615 247 55 
1 7  2581 1663 309 42 
25 2675 1680 294 51 

31 2294 1567 231 48 
40 2520 1512 167 50 

56 2555 1610 215 45 

74 1962 1584 127 44 

79 1965 1555 58 38 

% VFA COD VFA Utilisation Anaerobic zone 

Day Fennenler (%O.45um Sol) Anaerobic zone mg COOIl % utiliaation 

9 76.3 72.4 427.8 70.5 

1 7  73.1 100.0 268.9 45.7 
25 59.3 77.1 256.7 53.1 

31 70.8 82.2 356.2 65.2 
40 68.9 55.8 331.0 78.0 
56 59.6 82.8 280.8 6 1 .2 

74 64.0 58.1 410.7 84.8 
79 70.4 61.8 485.0 93.1 

226 

vss mQiL 
Effluent Anaerobic Aerobic 

1 10 2045 2145 

105 1980 2340 

330 3985 2420 

105 3235 3440 

1 75 3570 3620 

160 3835 3470 

95 3560 3460 

80 3255 3450 

VFA COD mQiL 
Effluenttotsl Fermenter Anaerobic zone 

86 1213 179 

98 1 1 76 319 

258 967 227 

88 1092 190 

83 848 93 

91 918 178 

75 969 74 

50 1042 36 

Anaerobic COD consumPtion 
mg COOA. % utilisation 

560.5 69.4 

522.5 62.8 

546.0 65.0 

552.5 70.5 

589.0 77.9 

590.0 73.3 

665.0 84.0 

719.5 92.5 
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Table 1 0. 1  0 :  Continued . . .  

Soluble P\1osphorus mg pn 
Day Feed Fennanw � ""'"  AM_ Zone  Effluent 

9 90.4 92.2 91.8 73.3 78.3 
1 7  79.9 95.3 94.1 76.4 72 
25 80 94.3 106.9 70.7 66.8 
31 94.8 84.9 97.5 65.8 62.5 
40 82.8 82.4 1 1 3 69.3 67.9 
56 83 86.6 125.5 70.2 72.3 
74 78.7 91.2 130.8 64.5 64.2 
79 75.7 93.3 125.7 65.7 67 

Total P\1osPhorus mg PIL % mgP/mgVSS rp04 __ Anaerobic reIea •• 
Day_ Fennenter _ zone  Premovaf Aerobic mg Phng coo (mg PII) 

9 99.9 1 78.7 26.6 4.91 0.01 2.70 
1 7  102.5 176 26.1 4.26 0.03 6.85 
25 97.7 193.2 27 5.06 0.10 24.65 
31 107.4 227.9 4 1 .6 4.71 0.04 12.55 

40 107.4 255.7 36.1 5.15 0.08 25.35 
56 95 245 24.8 5.04 0.15 41 .85 
74 104.3 231 39.8 4.81 0.11  46.55 
79 1 0 1 . 1  236.6 35.4 5.12 0.09 41 .65 

oH Nilrate mg NIL Nitrite mQ NIL DSVI 
Day Anaerobic Aerobic Aerobic Effluent Aerobic Effluent aerobic 

9 7.4 8.4 0.8 0.8 0 0.3 234 
1 7  7.47 8.26 0.7 0.8 0 0 108 
25 7.07 8.08 0.2 0.2 0 0 163 
31 7.41 8.38 1 . 1  0 0.5 0 1 30  
40 7.64 8.02 0 0.8 0 0 79 
56 6.85 7.5 2.8 1 .4 1 0.5 237 
74 7. 1 9  8.42 2.3 2.5 0.3 0.3 1 16 
79 7.48 8.2 4 3.7 0.1  0 1 14 

o AO Zone Study Parameters at an SRT of 1 5  days.- Refer to Table 7.8 in 
Chapter 7 for analytical data. 

o AO Batch Test Parameters at an SRT of 1 5  days - Refer to Table 7.9 In 

Chapter 7 for analytical data. 

Table 1 0. 1 1 :  5 Day SRT AO Reactor System 

Acetic acid Propionic iso-Bul)<ic 
Day m CODIl m CODIl m CODIL 

9 474 302 41 17 451 186 78 
25 296 225 63 
31 374 277 82 
39 421 96 36 56 436 117 36 

TSS(1TlQIl 
Day Feed Fermenter Anaerobic 

9 225 460 1680 
1 7  270 640 960 
25 235 530 1960 
31 165 505 1520 
39 260 795 2070 
56 260 445 1 180 

COD(mgIL 
Day Fermenter IOtal Fermenler Soluble Anaerobic 

9 2261 1615 353 
1 7  2581 1663 360 
25 2675 1971 342 
31 2294 1567 563 
39 2520 1512 433 
56 2555 2118 527 

Fermented Wastewater n-Butyric 
m COD/L 

222 
271 
281 
213 
46 

223 

Aerobic 
2170 

905 
2960 
2060 
2810 
1350 

Aerobic 
68 
70 
75 
79 
64 
65 

227 

i�Valeric 
m L:lDIl 

87 
87 
43 
62 
33 71 

Emuent 
90 
90 
130 
95 
145 
415 

Emu.nt lO'.1 
68 
89 
1 10 
65 
64 

421 

n-Valeric n-Caproic Tolat VFA 
mgCODIl mgCODIL mgCODIl 

78 10 1213 
89 15 1 176 
46 13 967 
75 10 1092 
15 1 8  667 
25 8 918 

VSS mg/L Anaerobic Aerobic 
1465 1770 
1640 1650 
1605 2315 
1310 1710 
1770 2275 
1040 1 145 
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Table 1 0. 1 1 :  Continued . . .  

VFA COD mQll % VFA COD VFA Ut[IJsation Anaerobic zone 

Day Fermenter Anaerobic zone Fermentef' (%O.4� Anaerobic zone (mg CODIL) % utilisation 
9 1213.1 271 .7 76.3 77.0 334.9 55.2 

1 7  1 1 75.8 280.0 73.1 77.8 307.9 52.4 

25 967. 1 257.6 59.3 75.3 226.0 46.7 

31 1092.2 378.9 70.8 67.3 167.2 30.6 

39 666.9 291 .4 54.1 67.3 42.0 12.6 

56 917.6 413.9 44.0 89.9 0.0 0.0 

Soluble Phosphorus mQ PIL Total Phosphorus mQ PIL 
Day F ... Fennenter Anaeroble zone Aerobic: Zone ElI'IYent Food Ferment.r Aerobk: zone 

9 90.4 92.2 99.3 77.7 81.3 107 99.9 168.6 

17 79.9 95.3 94 75 77.8 103 99 1 35.3 

25 80 94.3 93.1 73.7 75.2 106 97.7 183.2 

31 84.8 84.9 86.9 74.4 73.5 107 97.8 145.5 

39 82.8 82.4 82.2 80.5 83.7 96 92 1 57.2 

56 78 81.3 85.2 75.7 76.8 98 95 105.6 

%mgP/m V,," Arwerobic release oH Nitrate mQ NIL Nitrite mQ NIL SVI 
Day Aerobic (mgPIl) Anaerollic Aerobic Aerobic Effluent Aerobic Effluent 

9 5.14 8.70 7.22 8.36 0 0.7 0 0 1 57 

1 7  3.65 5.60 7.01 8.48 0.2 0.9 0 0 1 55 

25 4.73 6.65 7.1 1  7.96 0 0.7 0 0 133 

31 4.16 1.25 7.15 8.41 2.1 2.1 0.5 0.6 120 

39 3.37 0.00 7.48 8.36 0 1.5 0 0.5 3 1 7  

56 2.61 0.00 6.98 8.1 0 0 2.1 0 405 

o AO Zone Study Parameters at an SRT of 5 days - Refer to Table 7 . 1 0  In 

Chapter 7 for analytical data. 

Chapter 8 - Data 

o AO Zone Study Parameters using Non-Fennented Wastewater at an SRT of 1 0  

days - Refer to Table 8 .3  in Chapter 8 for analytical data. 

o AO Batch Test Parameters using Non-Fennented Wastewater at an SRT of 1 0  

days - Refer to Table 8.4 in Chapter 8 for analytical data. 
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