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Stellingen 

1. De aanduidingen "Biologische defosfatering in de sliblijn" en "Biologische 

defosfatering in de waterlijn" dienen vervangen te worden door 

"Biologische fosfaatverwijdering in de hoofdstroom" en door "Biologische 

fosfaatverwijdering in de zijstroom" in verband met de duidelijkheid over 

de procesvoering. 

2. Gezien het feit dat in Nederland reeds jarenlang Engelse afkortingen als 

DNA (Desoxyribonucleïnezuur) in plaats van DNZ ingeburgerd zijn, lijkt het 

logisch om universeel BOD (Biologisch zuurstofverbruik) en COD (Chemisch 

zuurstofverbruik) in plaats van BZV en CZV te gaan gebruiken. 

3. De verplichting om stellingen toe te voegen bij proefschriften op de 

Landbouwuniversiteit wordt vermoedelijk veroorzaakt doordat deze 

hogeschool zich pas enige jaren universiteit mag noemen. 

4. De toepassing van het RIM-NUT proces om fosfaten en ammonia uit afvalwater 

te verwijderen zal leiden tot een sterke verzouting van het milieu. 

Liberti et al. 1988. Role of nitrates and sulfates during wastewater 
treatment by the RIM-NUT process. Trib. Cebedeau 41:27-35 

5. Hoe langer snij-bloemen blijven staan, hoe eerder zij als chemisch afval 

zijn te beschouwen. 

6. De controle op loslopende honden zou zodanig verscherpt moeten worden dat 

iedereen veilig in het vrije veld kan recreëren. 

7. Met de aanwezigheid van protozoa onder denitrificerende omstandigheden is 

nog niet aangetoond dat deze organismen nitraat als electronenacceptor 

kunnen gebruiken. 

A. Grabinska-Loniewska. 1991. Denitrification unit biocenosis. Mater Res. 
25:1565-1573. 

8. Bij het verbouwen van een huurhuis door een huurder dient de verhuurder 

niet de problemen van herstel naar de oude toestand door te schuiven naar 

de volgende huurder. 



De verschuiving van de fermentâtiebalans in aanwezigheid van nitraat, 

waardoor de acetaat-vorming door o.a. Escherichia coli groter wordt, doet 

veronderstellen dat nitraat een positief effect kan hebben op de 

fosfaatafgifte door biologisch defosfaterend slib. 

R. Rehr and J.H. Klemme. 1989. Competition for nitrate between 
denitrifying Pseudomonas stutzeri and nitrate ammonifying enterobacteria. 
FEMS Microbiol. Ecol. 62:51-58. 

10. De conclusie "In spite of all we learn and understand, some sludges will 

still bulk" geeft de moeilijkheidsgraad van het onderzoek naar het actief-

slibproces aan. 

O.E. Albertson. 1991. Bulking sludge control-progress, practise and 
problems. Hater Sei. Tech. 21:835-846 

11. In tegenstelling tot hetgeen Kayser toont, kan de stikstofverwijdering in 

een waterzuiveringsinstallatie nooit 100% worden bij oneindige 

recirculatie van slib over anaërobe en aërobe zones 

R. Kayser 1983. Ein Ansatz zur Bemessung einstufiger Belebungsanlagen für 
Nitrifikation-Denitrifikation. gwf-Hasser/Abwasser 124:419-427. 

12. Het tonen van een onbegrijpelijke formule en ervoor verwijzen naar een 

persoonlijke mededeling in de referentie-lijst is niet bevorderlijk voor 

de geloofwaardigheid van het stikstofverwijderingsmodel van Kayser 

R. Kayser. 1983 Ein Ansatz zur Bemessung einstufiger Belebungsanlagen für 
Nitrifikation-Denitrification. gwf-Hasser/Abwasser 124:419-427. 

13. Het eiwit-gehalte per g drogestof (0,13 g/g) van de A:7'netobacter-stammen 

bestudeerd door Vasiliadis et al. is ongezond laag. 

6. Vasiliadis et al. 1990. Polyphosphate production by strains of 
Acinetobacter. FEMS Microbiol, lett. 70:37-40. 

14. Gezien het feit dat de Kluyver-prijs alleen gewonnen kan worden door jonge 

promovendi, dient er een prijs te komen voor de oudere jongere promovendi. 

Stellingen behorende bij het proefschrift 'Ecological aspects of the biological 

phosphate removal from waste waters'. K.J. Appeldoorn, Wageningen, 13 april 1993. 
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GENERAL INTRODUCTION 

1. THE ROLE OF PHOSPHATE IN THE EUTROPHICATION 

Eutrophication refers to a situation where an increase in 

nutrient levels has occurred through anthropogenic activities 

which has resulted in "nuisance" algal growth (Bell 1992). 

"Nuisance" categories include (1) perceptible water quality 

deterioration, including trophic changes; (2) chronic or 

intermittent health hazards, including toxicity; and (3) loss 

of aesthetic and hence recreational values. In most fresh 

water environments phosphorus is the limiting nutrient 

controlling eutrophication (Boers and Zevenboom 1992). 

Nitrogen is typically the limiting nutrient in estuarine and 

marine waters (Randall 1992). In the North Sea algae blooms 

are especially regulated by the availability of nitrogen 

(Boers and Zevenboom 1992). To prevent eutrophication by 

phosphorus and nitrogen measures have to be taken to reduce 

the input of both nitrogen and phosphorus into the 

environment. 

2. SOURCES OF PHOSPHORUS EMISSIONS 

There are three main sources of phosphorus emission to 

the environment: Agriculture, industry and human excretions. 

In Western Europe, domestic waste waters contained 12 to 20 mg 

P/l in 1987. In North-America and Japan sewages were more 

diluted, and phosphorus concentrations ranged between 2 and 10 

mg/1 (Meganck 1987). 2 g phosphorus per person per day 

originating from human excretions has been estimated to be 

released into the environment (Dijk 1989). In 1984, the use of 

detergents contributed an additional 2 g phosphorus per person 

per day in The Netherlands. 

To reduce the phosphorus input from domestic origin, the 

phosphorus compounds have been replaced in detergents by 

substitutes. However, the phosphorus load originating from 



human metabolism is often high enough to continue 

eutrophication even with detergent being completely banned 

(Berthouex et al. 1985, Meganck 1987). In The Netherlands it 

is planned to reduce the effluent phosphorus concentration of 

wastewater treatment plants in 1995 by about 50% of the con­

centration in 1988 (De Jong and Van de Velde 1988). After 1995 

the discharge demands will become even more stringent depend­

ing on the location and magnitude of a wastewater treatment 

plant. Average phosphorus emissions of treatment plants have 

to become 0.5 mg P/l, when draining into stagnate surface 

waters (Van Starkenburg 1988). Standards for draining into 

other surface waters become 2 mg P/l for plants treating waste 

water of 100,000 p.e. (population equivalents) and 1 mg P/l 

for plants treating waste water of more than 100,000 p.e. 

(Anonymous 1991). In 1988 about 5% of the Dutch treatment 

plants were equipped for the removal of phosphate (Bakker 

1988). Many treatment plants have still to be adapted to meet 

the new phosphorus effluent standards by 1995. 

3. THE ACTIVATED SLUDGE PROCESS 

The activated sludge process was developed in England (Ardern 

and Locket 1914). In this process organic waste is introduced 

into a tank, where a bacterial culture is maintained in 

suspension by mechanical mixing, or mixing with air or pure 

oxygen by aerators. This keeps the environment in the tank 

oxic. The bacteria in the aerated tanks form sludge flocks. 

Other microorganisms also present, such as protozoa, are 

believed to have a function in maintaining the flocculated 

organization by grazing particularly on free bacteria (Metcalf 

and Eddy 1991). The organic waste is used by heterotrophic 

bacteria for growth and dissimilatory processes. After a 

specific period of residence in the aeration tank, the mixture 

of sludge and water flows into a clarifier, in which the 

sludge settles and purified effluent leaves the process. Most 

of the settled sludge is recirculated to the influent part of 

the aeration tank. This sludge is called return sludge. A 



small portion of the sludge is wasted as surplus sludge, which 

corresponds to the bacterial growth resulting from the 

influent substrates. In this way the desired concentration of 

organisms is maintained in the aeration tank. 

In many cases an activated sludge plant is equipped with 

a so-called primary clarifier. Here, the readily settleable 

organic plus inorganic solids and floating material are 

removed. Primary clarifiers allow smaller aeration tanks for 

waste water treatment. 

Nitrogen compounds can be eliminated in the activated 

sludge process by means of nitrification and denitrification. 

During nitrification, bacteria convert ammonium aerobically 

into nitrate. Nitrate can be reduced to gaseous nitrogen 

compounds by denitrifying bacteria in the absence of oxygen. 

4. CHEMICAL PHOSPHORUS REMOVAL FROM WASTE WATERS 

In The Netherlands conventional treatment plants extract 

about 40% of the 15 mg P/l from the waste waters (Dijk 1989). 

This removal is largely due to the growth of the biomass in 

the sludge. Additional phosphorus can be precipitated and 

consequently eliminated from waste water with calcium, iron or 

aluminium salts (Yeoman et al. 1988; Meganck and Faup 1988). 

Chemical precipitation has several disadvantages: 

- The costs increases due to the use of chemicals; 

- Precipitated metal phosphates increase surplus sludge 

production. In addition, surplus sludge is polluted with 

added metals and heavy metals, which are present as 

contaminants in the salts; 

- The addition of metal salt increases the salinity of the 

effluent of wastewater treatment plant; 

- Without additional measures to reduce phosphorus emissions, 

it is difficult to attain effluent concentrations < 1 mg P/l 

with chemical precipitation, which might become a problem 

when more stringent effluent demands must be met (Tessel 

1988; De Jong and Van Starkenburg 1989). 



5. BIOLOGICAL PHOSPHORUS REMOVAL FROM WASTE WATERS 

Besides elimination of phosphate by precipitation, phosphate 

can be biologically removed in the activated sludge process. 

Phosphate can be simply removed due to microbial growth and as 

such be linked stoichiometrically to the increase of biomass 

during the treatment process. Phosphate can also be taken up 

in excess of what is strictly needed for growth. The excess 

phosphate is stored intracellularly as polyphosphate. Bacteria 

forming polyphosphate are enriched if the activated sludge is 

exposed alternatingly to anoxic and oxic conditions. Less than 

1 mg P/l in the waste water effluent can be attained by this 

so-called "enhanced biological phosphate removal" (Yeoman et 

al. 1988). 

Many process configurations have been designed for 

enhanced biological phosphate removal. Some configurations are 

described below in some detail. 

The conventional full scale plants exhibiting enhanced 

phosphate removal are long plug flow reactors, operating under 

high organic loading rates (0.2-0.7 kg BOD/kg sludge dry 

weight.d) or equivalently with very low sludge ages (1.5-6 

days; Marais et al. 1983). Return sludge is mixed with waste 

water at the influent side of the reactor. The first part of 

the reactor is not aerated allowing anaerobiosis to occur. 

Only the second part is aerated. During the initial anoxic 

phase, excess phosphate is released by the sludge and 

subsequently in the oxic phase taken up again together with 

influent phosphate (Fig. 1). Because of the formation of 

polyphosphate, aerobic phosphate uptake is much higher than 

would expected solely by sludge growth. By withdrawal of 

surplus sludge with the higher phosphorus content, very low 

phosphorus concentration in the effluent are obtained. 

For enhanced biological phosphorus removal to occur, the 

influent must also contain sufficient and appropriate 

substrates for growth of the phosphate accumulating bacteria 

(Rensink and Donker 1984) . The lack of sufficient appropriate 



Substrates can be overcome by i) eliminating the primary 

clarifier (Mulder and Rensink 1988), ii) addition of acetic 

acid to the anoxic zone (Rensink and Donker 1984; Mulder and 

Rensink 1988), iii) addition of whole digested sludge or its 

supernatant to the anoxic zone (Mostert et al. 1989; 

Schönbergen 1989), and/or iv) coupling of appropriate indus­

trial waste waters to a municipal wastewater treatment plant 

(Mostert et al. 1989). The banishment of phosphorus from 

detergents resulted in a decrease of the amount of substrates 

necessary for enhanced biological phosphorus removal (Janssen 
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Fig. 1. Phosphorus release and uptake (A) in a wastewater treatment plant 

according to the "Main Stream Principle" and schematic representations of 

the process eguipped for phosphorus removal (B) and for phosphorus and 

nitrogen removal (C) . An: anaerobic zone/compartment without nitrate; AO: 

Anaerobic zone/compartment with nitrate; aerobic zone/compartment (AE); 1: 

sewage; 2: primary clarifier; 3: primary sludge; 4: secondary clarifier; 5: 

effluent; 6: surplus sludge with accumulated phosphorus; 7: return sludge. 

11. internal recirculation stream of sludge/water mixture with nitrate 
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et al. 1990). 

Treatment plants in which phosphate is only eliminated 

from the process by withdrawal of surplus sludge are called 

"main stream processes" (Fig. lb, lc; e.g. Schönbergen 1989). 

Nitrate inhibits phosphate release. Both phosphate and 

nitrogen compounds can be eliminated from waste water by 

dividing a plant in several anoxic and oxic zones or 

compartments. Nitrate concentration is regulated by internal 

circulations (Fig. IB; 2B) . Phoredox and the University of 

Cape Town (UCT) processes are examples for plants removing 

both phosphate and nitrate compounds (e.g. Barnard 1983, 

Siebritz et al. 1983, Eckenfelder 1985). In stead of dividing 

the plant in different zones, intermittently stirring during 

anoxic conditions will also allow the removal of phosphate and 

nitrogen removal (Janssen and Rensink 1988). During quiescent 

periods the sludge settles and releases phosphate. Nitrate 

remains in the supernatant and will not influence phosphate 

release. During periods of stirring sludge is mixed with 

nitrate containing supernatant. Consequently, nitrate is 

converted into dinitrogen gas by denitrification. In this way, 

sludge is exposed alternatingly to anaerobiosis with and 

without nitrate. Treatment plants exhibiting excess phosphate 

removal plus nitrogen removal, operate generally under low 

organic loading rates or equivalently with high sludge ages 

(more than 15 days). 

Treatment plants, in which phosphate is not only elimin­

ated from the process by the withdrawal of surplus sludge, but 

with the aid of some side streams, are called "side stream 

processes" (Fig. 2) . In these plants a part of the sludge is 

returned directly to the aeration tank, the other part is 

pumped to an anaerobic tank (phosphate stripping tank), in 

which phosphate is released (Phostripprocess, Levin et al. 

1972). After the release, sludge and water are separated. 

Phosphate depleted sludge is returned to the aeration tank. 

The phosphate in the separated water is precipitated by 



Chemicals. For the removal of these precipitates three main 

processes are available, namely precipitation of phosphate by 

gravitation, magnetic separation and the removal with the 

pellet reactor. For magnetic separation magnetite and lime are 

added. The precipitates are separated with superconducting 

magnets (Van Velsen et al. 1990) . In the pellet reactor sand 

is kept in a fluidized condition (Eggers 1988) . The phosphate 

containing water is mixed with lime and injected into the 

reactor and calcium phosphate precipitates on to the sand. The 

phosphates produced with gravitation, magnetic separation and 

the pellet reactor can be reused. 

In modified "side stream processes", acetic acid, 

fermented sludge or a part of the influent is added to the 
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Fig. 2. Examples of wastewater treatment plants with a "Side Stream 

Process" configuration equipped for phosphorus removal (A) and for phospho­

rus and nitrogen removal (B). Symbols as in Fig. 1. 8: Anaerobic tank in 

which sludge releases phosphate plus an equipment for separation of the 

phosphorus containing effluent (9) and 'phosphorus depleted' sludge (10) 



phosphate stripping tank to stimulate phosphate release 

(Peirano et al. 1983; De Vries and Rensink 1985). Side stream 

processes are well suited for low loaded activated sludge 

plants (Rensink et al. 1989). Successful elimination of 

nitrogen compounds can be obtained by incorporation of several 

anoxic zones into the aeration tank (Fig. 2b). 

6. MICROBIOLOGY OF THE ENHANCED PHOSPHORUS REMOVAL 

6.1 Discovery of the biological nature of the process 

The first observations that activated sludge can remove 

more phosphate than is required for normal metabolic 

activities were made around 1960 (Srinath et al. 1959; Alarcon 

1961). This phosphate removal has not always been recognized 

as a biological process. According to a chemical model the 

excess phosphate removal was due to spontaneously chemical 

precipitation reactions (Menar and Jenkins 1970). However, the 

following data suggested the biological nature of the process. 

- 2,4-dinitrophenol, an uncoupler of the oxidative 

phosphorylation, inhibited uptake of phosphorus (Levin and 

Shapiro 1965; Fuhs and Chen 1975). 

- Temperatures higher than 40°C and addition of certain 

chemicals, e.g. mercury chloride, reduced phosphate removal 

(Yeoman et al. 1988). 

- A pH optimum of phosphorus uptake supports further the 

biological nature of the process (Levin and Shapiro 1965). 

- Many bacteria present in enhanced phosphorus removal sludge 

contain polyphosphate granules (e.g. Fuhs and Chen 1975; 

Deinema et al. 1980; Buchan 1983; Röske et al. 1989). 

- It is possible to isolate a great number of bacteria from 

those sludges which can accumulate high amounts of 

phosphorus (e.g. Fuhs and Chen 1975; Deinema et al. 1980; 

Buchan 1983; Streichan et al. 1990). 

It has been suggested that the increased phosphate 

concentration during anaerobiosis may lead to chemical 



precipitation of phosphates (Arvin 1983; Arvin and Kristensen 

1983; Arvin and Kristensen 1984; Kerdachi and Roberts 1985; 

Beccari et al. 1985). The contribution of chemical phosphate 

precipitation to phosphate removal has been ascribed to depend 

on the inorganic feed composition of the sewage (Kainrath et 

al. 1985; Chiesa et al. 1987). 

6.2 Acinetobacter 

In general Acinetobacter strains are considered to be 

responsible for the enhanced biological phosphorus removal 

from waste waters (e.g. Fuhs and Chen 1975; Buchan 1983; 

Deinema et al. 1985) . In sludge they are present in small 

clumps or packets and the cells are often surrounded by a thin 

layer of extracellular material (Deinema et al. 1985). 

Bacteria belonging to the genus Acinetobacter are obligately 

aerobic, Gram-negative coccoid rods. A relatively small number 

of strains is able to use glucose as sole carbon and energy 

source. Ethanol and lower fatty acids are excellent growth 

substrates for the majority of strains (Juni 1978). The forma­

tion of lower fatty acids in the anaerobic environment of a 

wastewater treatment plant with alternatingly anaerobic and 

aerobic conditions has been suggested to be one of the causes 

for the presence of acinetobacters in enhanced biological 

phosphorus removal (Wentzel et al. 1984; Nicholls et al. 

1984) . 

According to Juni (1978), the genus Acinetobacter cannot 

use nitrate as an alternative electron acceptor. However, four 

out of the 85 Acinetobacter strains examined in a taxonomie 

study were able to reduce nitrate anaerobically in a complex 

medium (Bouvet and Grimont 1986). Van Groenestijn and Deinema 

(1985) stated that Acinetobacter strain 210A was able to 

reduce nitrate to nitrite but later research failed to confirm 

this observation (Van Groenestijn, personal communication). 

Acinetobacters, isolated by Hao and Chang (1987) were all 

unable to use nitrate as terminal electron acceptor. The 

strains, isolated by Deinema (1981) were without exceptions, 
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obligately aerobic. Lötter (1984) found about 50% of her 

strains to be able to reduce nitrate to nitrite and 8% of the 

strains could reduce nitrate to dinitrogen gas. A few strains 

were able to use glucose as carbon and energy source (Lötter 

et al. 1986) 

Many microorganisms are able to accumulate phosphorus as 

a consequence of unfavourable growth conditions (Kulaev 1987). 

The specific conditions for excess phosphorus accumulation can 

be divided into two categories. Luxury phosphate uptake is the 

excess phosphate uptake observed when growth is inhibited by 

depletion of a necessary nutrient (sulphur or nitrogen) or a 

growth factor. Overplus phosphate uptake is observed after 

phosphate is added to phosphorus starved cells. 

Normally, nitrogen, phosphorus or sulphur is not limited 

in sewage and therefore cannot cause excess phosphorus uptake 

(Meganck 1987). Biological phosphorus removal in excess of 

normal metabolic requirements during wastewater treatment has 

been regarded as a particular example of the overplus phenome­

non, i.e. one in which the bacterial cells in the anaerobic 

stage are starved for phosphorus through lack of oxygen 

(Yeoman et al. 1988) . With pure cultures of Acinetobacter, no 

effect has been observed of anaerobic conditions, proceeding 

normal growth (Ohtake et al. 1985; Hao and Chang 1987) . 

Enhanced phosphate uptake by acinetobacters under 

microaerophilic growth conditions has been reported (Lawson 

and Tonhazy 1980), but most pure cultures of Acinetobacter 
accumulate phosphorus during normal logarithmic growth (Fuhs 

and Chen 1975; Buchan 1983; Deinema et al. 1985; Hao and Chang 

1988; Van Groenestijn 1988). Phosphate uptake by enhanced 

biological phosphate removing sludges is therefore considered 

as an special example of luxury uptake (Van Groenestijn 1988). 

The amount of phosphorus, which acinetobacters can 

contain is strain-dependent and a consequence of growth 

conditions (Deinema et al. 1980; Deinema 1981; Van Groenestijn 

and Deinema 1985; Ohtake et al. 1985; Hao and Chang 1987; Hao 

11 



and Chang 1988; Van Groenestijn 1988). Phosphorus contents on 

basis of dry weight of 10% (Deinema et al. 1985), 13% (Röske 

et al. 1988) and 13.6% (Meganck 1987) belong to the highest 

values reported. 

Identification of acinetobacters originated from sludge 

removing biologically phosphate have been performed with 

transformation tests (Duncan et al. 1988; Beacham et al. 

1990)). A. junii, A. lwoffii and A. johnsonii were the most 

commonly isolated genospecies. 

6.3. Polyphosphate 

Excess accumulated phosphate in microorganisms is stored 

as polyphosphate, usually as intracellular granules (volutin), 

but also other parts of the microbial cells, particularly the 

periplasmatic space can contain this polymer (Suresh et al. 

1986; Halvorson et al. 1987; Kulaev 1987). In enhanced 

phosphate removal sludge and in pure cultures of Acinetobacter 

many polyphosphate granules can be observed (Deinema et al. 

1980; Deinema 1981; Buchan 1983; Deinema et al. 1985; Hao and 

Chang, 1988; Röske et al. 1989). Anaerobically, phosphate 

release is coupled to a decrease in the total granular volume 

inside the bacterial cells. The aerobic phosphate uptake is 

related to an increase in granular volume (Buchan 1983; Murphy 

and Letter 1986a) . Periplasmatic polyphosphates are reported 

for Acinetobacter lwoffii and are possibly involved in sugar 

uptake and phosphorylation reactions (Suresh et al. 1986; 

Halvorson et al. 1987). Periplasmatic polyphosphates were 

detected by metachromatic spectral shifts with toluidine blue 

and 31P-NMR spectroscopy. They disappeared under conditions of 

metabolic stress, while the total amount of polyphosphate did 

not alter (Suresh et al. 1986; Halvorson et al. 1987). 

Polyphosphates can be extracted from organisms by several 

methods (Kulaev 1979). Accordingly they are divided into two 

groups: acid soluble and acid insoluble fractions. The acid 

12 



soluble fraction contains low polymeric polyphosphates (up to 

20 P residues). The higher polymeric polyphosphates are 

present in the acid insoluble fraction. 

Polyphosphates can fulfil a variety of functions in 

microorganisms (Kulaev and Vagabov 1983; Kulaev 1985), e.g. as 

a reserve of phosphate, magnesium and potassium and as an 

energy reserve in Acinetobacter (Van Groenestijn and Deinema 

1985; Van Groenestijn 1988). It was found that under anaerobic 

conditions Acinetobacter can maintain a higher ATP content 

than closely related acinetobacters, which do not accumulate 

polyphosphate (Van Groenestijn 1988; Streichan and Schön 

1991a). The function as an energy source allows Acinetobacter 
to survive periods when ATP cannot be formed by respiratory 

processes, e.g. in the case of anaerobiosis. 

Based on the observation that the acid soluble fraction 

decreases under anoxic conditions, Mino et al. (1984) 

suggested that in sludge low polymeric polyphosphate functions 

as an energy source, and high polymeric polyphosphate serves 

as a phosphorus source for growth. 

Magnesium and potassium seem to act as counter-ion for 

polyphosphate in sludge. Simultaneous uptake and release of 

these two ions with phosphate were observed (Miyamoto-Mills et 

al. 1983; Gerber and Winter 1985; Tsuzuki et al. 1987; Mostert 

et al. 1988; Mostert et al. 1989; Wentzel et al. 1989). 

Electron microscopy in combination with X-ray analysis 

revealed calcium as major counter ion in sludge and pure 

cultures of Acinetobacter (Buchan 1983; Heymann et al. 1989; 

Beacham et al. 1990). According to Kainrath et al. (1985), 

potassium must be considered to be the main cation of 

polyphosphate and the relation between calcium and 

polyphosphate may be an artefact. Studies with Acinetobacter 
210a revealed a vital role for potassium in the accumulation 

of polyphosphate though its mode of action remained unknown 

(Van Groenestijn 1988) . In this organism magnesium could be 

replaced by calcium as cation for polyphosphate as was shown 

by the simultaneous uptake of calcium with phosphate during 
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with X-ray analysis have confirmed the dependency of the 

elemental composition of polyphosphate granules on the 

magnesium/calcium ratio in the cultivation medium (Bonting et 

al. 1992). 

6.4. Enzymes involved in polyphosphate metabolism 

Kulaev (1987) has divided polyphosphate enzymes in two 

groups, one catalyses reactions between polyphosphates and 

nucleotides and the other participates in reactions without 

nucleotides. 

Until recently, polyphosphate kinase was considered to be 

the most important enzyme in the synthesis and breakdown of 

polyphosphate. It catalyses the phosphate transfer of ATP to 

polyphosphate with ADP as one of the products (reaction 1). 

(poly-P)n + ATP < = > (poly-P)n+1 + ADP (1) 

With labelled ATP a very weak activity of this enzyme was 

reported for enhanced biological phosphate removal sludge and 

for pure cultures of Acinetobacter. The specific activity was 

about 1 nmol min1 mg protein"1 for the pure cultures (T'Seyen et 

al. 1985; 1986). Hardly any activity of this enzyme could be 

detected by Van Groenestijn (1988) in several Acinetobacter 

strains containing high amounts of phosphorus (up to 10% P of 

dry biomass) . The enzyme was measured by recording ATP forma­

tion from polyphosphate + ADP in a reaction mixture containing 

P^P'-di (adenosine-5')-pentaphosphate (AP5A) as inhibitor of 

adenylate kinase. Van Groenestijn et al. (1987a, 1987b, 1988) 

have described an enzyme which degrades polyphosphate under 

anaerobic conditions in pure cultures of Acinetobacter. This 

enzyme, a polyphosphate:AMP phosphotransferase catalyses the 

transfer of a phosphate residue from polyphosphate to AMP 

(reaction 2). It was partly purified by Bonting et al. (1991). 

A second enzyme, adenylate kinase, converts ADP thus formed in 

ATP and regenerates AMP (reaction 3): 

(poly-P)n + AMP > (poly-P)„_i + ADP (2) 
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2 ADP > ATP + AMP (3) 

The same enzyme system may function in phosphate removing 

sludges during anaerobic phosphate release (Van Groenestijn 

and Deinema 1987a). An increase in phosphate content of the 

tested sludge types correlates with the phosphotransferase 

activities. 

A significant activity of polyphosphatase, an enzyme 

catalysing the hydrolysis of polyphosphate was also detected 

in the pure culture studied by Van Groenestijn and Deinema 

(1987a) (reaction 4). 

(poly-P)n + H20 > (poly-P),,., + P, (4) 

Two well-known other enzymes involved in polyphosphate 

metabolism, polyphosphate glucokinase and polyphosphate 

dependent NAD-kinase could not be detected in Acinetobacter 

strain 210A studied by Van Groenestijn (1988). 

Vasiliadis et al. (1990) reported for some Acinetobacter 

strains significant activities of polyphosphate kinase and 3-

phosphoglycerate kinase (18-43 and 55-92 nmol product min1 mg 

protein1, respectively). However, the polyphosphate:AMP 

phosphotransferase activity was very low (< 10 nmol product 

min"1 mg protein1) or not detectable, and polyphosphate 

glucokinase and polyphosphate dependent NAD-kinase were 

absent. 

6.5. Polvhydroxvalkanoates 

To explain why acinetobacters increase in number in 

activated sludge which is alternatingly exposed to anoxic and 

oxic conditions, it has been suggested that acinetobacters 

hydrolyse polyphosphate and utilize the bond energy 

immediately for absorbtion and for storage of suitable 

substrates such as fatty acids, in particular acetate (e.g. 

Marais et al. 1983, Comeau et al. 1984; Murphy and Lötter, 

1986b). The fatty acids produced anaerobically by other 
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bacteria from complex substrates are absorbed by 

acinetobacters and are thought to be converted into osmotic 

inert poly-ß-hydroxyalkanoates (PHA) with poly-ß-

hydroxybutyrate (PHB) as major representative. 

The conversion of substrates into PHA requires reduction 

equivalents in the form of NADH2, which are produced either by 

oxidation of glycogen (Arun et al. 1988, 1989; Mino et al. 

1987) or by oxidation of acetate in the tricarboxylic acid 

cycle (Wentzel et al. 1986) . By entering the aerobic stage, 

PHA is oxidized and ATP can be produced, which in turn allows 

the replenishment of polyphosphate. 

The property to sequester substrates anaerobically is 

thought to give acinetobacters a competitive advantage and 

leads to enrichment of sludge with these bacteria. Other 

obligately aerobic bacteria, which lack the ability to store 

polyphosphate under oxic conditions can only sequester the 

substrates aerobically. 

Evidence in favour of the hypothesis that aerobic 

polyphosphate accumulation is related to anaerobic PHA storage 

is as follows 

(1) Acetate stimulates phosphate release by sludge during 

anaerobic conditions, which was frequently accompanied 

with an accumulation of PHB (e.g. Rensink 1981; Arun et 

al. 1988; Somiya et al. 1988). Besides PHB also poly-ß-

hydroxyvalerate has been reported to accumulate (Comeau 

et al. 1987). 

(2) Bordacs and Chiesa (1989) have observed C02 evolution 

under anaerobic conditions with labelled acetate and 

glucose. They interpreted this result as being an argu­

ment for the anaerobic activity of the TCA cycle. 

(3) In activated sludge, Buchan (1983) has observed with 

transmission electron microscopy the disappearance of 

polyphosphate granules anaerobically, which did coincide 

with the appearance of inclusions of "what seemed to be 

PHB in the same cells". 
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The evidence against the hypothesis that aerobic 

polyphosphate accumulation is related to anaerobic PHA storage 

is as follows: 

(1) Although stimulation of phosphate release by acetate has 

been reported for pure cultures of Acinetobacter (Murphy 

1986a, 1986b), several research groups could not find 

such a stimulation (Deinema 1981; Ohtake et al. 1985; 

Tsuzuki et al. 1987; Hao and Chang 1987; Hoffmeister et 

al. 1990) . 

2) Deinema et al. (1985) could only find an acetate-stimu­

lated phosphate release in pure cultures when acetate in 

combination with reduced carbon compounds (e.g. 

isocitrate) were present. It was surmised that anaerobic 

PHB synthesis can solely proceed when another carbon 

compound is present, supplying the required reducing 

equivalents. 

(3) With Neisser and Sudan Black staining, Lötter et al. 

(1986) have detected polyphosphate and PHB in aerobically 

grown activated sludge isolates. However, staining with 

Neisser or Sudan Black does not completely discriminate 

between granules being composed of PHB or polyphosphate 

(Deinema et al. 1985; Yeoman et al. 1988; Heymann et al. 

1989; Anderson and Dawes 1990). 

(4) Anaerobic substrate uptake by activated sludge, which was 

not correlated with enhanced phosphate removal, has also 

been reported (Fukase et al. 1985; Hao and Chang 1988; 

Cech and Hartman 1990). 

Summarizing, we are unaware of any paper showing yet 

conclusively a correlation between PHB formation and enhanced 

biological phosphate removal. 
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Table 1. Bacteria other than Acinetobacter able to 

remove biologically phosphate 

Organism References 

Aeromonas 

Pseudomonas 

Escherichia coli 

Proteus 

Klebsiella 

Arthrobacter 

Gram positive bacteria 

Microthrix 

Moraxella 

Xanthobacter 

Brodisch and Joyner (1983) 

Brodisch and Joyner (1983) 

Mostert et al. (1989) 

Mostert et al. (1989) 

Gersberg and Allen (1984); Mostert et al. (1989); 

Suresh et al. (1984) 

Ohsumi et al. (1980); Shoda et al. (1980) 

Nakamura et al. (1989); Brodisch and Joyner (1983) 

Meganck (1987) 

Meganck (1987); Streichan and Schön (1991b) 

Streichan et al. (1990) 

6.6. Other bacteria suggested being responsible for the 

enhanced biological phosphate removal 

Many bacterial species have been described which could 

possibly replace Acinetobacter as phosphate removing organism 

(Table 1) . Most of these bacteria were isolated from activated 

sludge showing excess phosphate removal, in which 

Acinetobacter could not be detected. The high number of 

isolates was considered as indicative for a possible 

involvement in phosphate removal (Brodisch and Joyner 1983; 

Mostert et al. 1989) . A role for an Arthrobacter strain in 

enhanced biological phosphate removal was suggested due to its 

ability to accumulate 6.5% phosphorus on dry weight basis, 

although this strain was isolated from soil (Ohsumi et al. 

1980; Shoda et al. 1980) . 50% of the accumulated phosphorus 

consisted of RNA-phosphorus. Slow growing Gram-positive 

bacteria accumulated up to 17.8% phosphorus on total organic 

carbon (TOC) basis under microaerophilic conditions (Nakamura 
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et al. 1989) . The bacteria exhibited a similar phosphate 

uptake and release pattern as enhanced biological phosphate 

removal sludge. A tentatively identified Xanthobacter species, 

two moraxellas and three acinetobacters isolated from sludges 

were reported to accumulate phosphorus (Streichan et al. 

1990). One Moraxella strain was able to store polyphosphate 

cytoplasmatically as well as periplasmatically (Streichan and 

Schön 1991b). In addition, this strain could fix phosphate on 

the cell surface in high concentration already at pH values 

below 8.0. The filamentous bacteria Microthrix has been 

thought to contribute to biological phosphate removal (Meganck 

1987) . However, the volume of intracellular polyphosphate 

granules in these bacteria was not reduced during anaerobio-

sis, which suggest no function in excess phosphate removal 

(Buchan 1983). Several polyphosphate containing bacterial 

forms were distinguished electronmicroscopically in phosphate 

accumulating sludges (Röske et al. 1989). The number of Acine-
tojbacter-like cells seem to depend on the influent composition 

and process conditions. 

Several research groups have presented indirect evidence, 

which excluded Acinetobacter as only bacterial species 

responsible for the enhanced biological phosphate removal. For 

instance, ubiquinone Q-8 was found as major fraction of the 

respiratory quinones in sludges fed with synthetic waste 

water, showing anaerobic phosphate release and aerobic 

phosphate uptake and in sludges from a complete aerobic system 

(Hiraishi et al. 1989). Acinetobacter strains contain 

predominantly Q-9, an ubiquinone negligible in the sludge. 

With antibodies raised against acinetobacters, the amount of 

positive reaction in sludge was too low for explaining the 

phosphate removal by Acinetobacter only (Cloete et al. 1984; 

Cloete and Stein 1987, 1988a, 1988b). Similar indications were 

obtained with calculations based on isolation of 

acinetobacters from sludge by density gradient (Cloete et al. 

1984; Cloete and Stein 1987, 1988a, 1988b). The suggestion was 

made that other bacteria or chemical precipitation of 
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phosphorus compounds could significantly contribute to the 

phosphate removal. The polyamine, diaminopropane (DAP), as 

biomarker for Acinetobacter, was used to estimate 

acinetobacters in activated sludges (Auling et al. 1991). 

Sludges originated from low organic loaded wastewater 

treatment plants with nitrification and denitrification had a 

high DAP content, while sludges from high organic loaded 

plants had a low DAP content. It was suggested that other 

bacteria than Acinetobacter were responsible for phosphate 

removal in sludges from high organic loaded plants. From the 

small amount of acinetobacters (12.2%) isolated from activated 

sludge, it was concluded that these bacteria could not be the 

only reason for the excellent phosphate removal of the 

investigated treatment plant (Kämpfer et al. 1990). However, 

isolation procedures for correct estimations of the number of 

AcinetoJbacter cells in sludge are often described as being 

improper due to the presence of the bacteria in clumps (Yeoman 

et al. 1988) . In a comparison of the generally used plating 

technique with micromanipulation, 50-100% of the viable counts 

scored with micromanipulation was identified as 

acinetobacters, with plating only 4-18% of the viable counts 

were Acinetobacter. However, micromanipulation for isolation 

of acinetobacters is not completely unbiased because only 

clumps can be selected which are not much contaminated 

(Beacham et al. 1990) . An evaluation of the normally used 

identification by the analytical profile index (API) 20E 

system showed that the high numbers of Acinetobacter in 

activated sludge are overestimations (Venter et al. 1989) . As 

a consequence, it was advised to use for API tests bacteria in 

the logarithmic growth phase, a check of the fermentation test 

24 h after the first reading and the use of a standard oxidase 

test. 
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6.7. Other bacterial groups in activated sludge flocks 

In addition to excess phosphate removing bacteria several 

other bacterial forms and higher organisms such as protozoa 

can be encountered in activated sludge. Influent 

characteristics, operational conditions and plant design of an 

activated sludge plant determine the bacterial composition of 

a sludge population. 

Important bacterial groups, which are thought to have a 

possible relation or can share the same process conditions 

with phosphorus accumulating bacteria, are: 1, acidogenic 

bacteria; 2, nitrifying bacteria and 3, denitrifying bacteria. 

Acidogenic bacteria 

Fermentation products are considered to be the most 

important substrates for the phosphate accumulating bacteria. 

From enhanced biological phosphate removal sludges many 

different acidogenic bacterial species have been isolated 

(T'Seyen 1986). In sludge the products of fermentation cannot 

be found. The potential uptake rate of these products by other 

bacteria seems to be faster than their production rate. For 

pure cultures of acidogenic bacteria, isolated from sludge, 

acetate has been found as most important fermentation product 

in synthetic media. Comparisons of the phosphate release by 

sludges with different fermentation products show in general 

the highest rates with acetate (e.g. Rensink 1981; Potgieter 

and Evans 1983; T'Seyen 1986). The amount but not the rate of 

the phosphate release depends on the acetate concentration 

initially present (Fukase et al. 1985). 

Nitrifying bacteria 

Most nitrifying organisms are obligate aerobic 

chemoautotrophic bacteria converting ammonia in two steps into 

nitrate. The first step is the oxidation of ammonia to 

nitrite, a reaction which is performed by bacteria of the 
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genus Nitrosomonas, the second step from nitrite to nitrate is 

conducted by the genus Citrobacter (Stensel and Barnard 1992). 

The activity and presence of nitrifying organisms depended on 

the aerobic retention time, temperature, pH and other 

physiological factors which influence bacterial growth 

(Stensel and Barnard 1992). The growth rate of nitrifying 

organisms is slow as compared to heterotrophic bacteria. For 

an efficient nitrification in wastewater treatment plants the 

aerobic residence of the sludge has to be sufficient. 

Prolonged anaerobic retention times have been reported to be 

detrimental to nitrifying organisms (Barnard 1983). 

Denitrifying bacteria 

Nitrate can serve as alternative electron acceptor for 

some aerobic bacteria. Denitrifying organisms convert nitrate 

to either nitrous oxide or dinitrogen gas, depending on the 

strains (Tiedje 1988). Nitrite and nitrous oxide are both 

intermediates and often transiently detectable after the onset 

of anaerobiosis (Wilderer et al. 1987; Tiedje 1988). Although 

it is generally accepted that denitrification cannot proceed 

under aerobic conditions, recent findings indicate that 

bacteria do exist which are able to use oxygen and nitrate as 

electron acceptors simultaneously at dissolved oxygen concen­

trations at nearly air saturation (Robertson 1988). For pure 

cultures regulation of the synthesis of denitrifying enzymes 

by oxygen has been reported, but in activated sludge cycling 

through anaerobic and aerobic environments inhibition of the 

synthesis of nitrate and nitrite reductases by oxygen is not 

complete (Simpkin and Boyle 1988). 

6.8. Effect of nitrate on phosphate release 

A prerequisite for obtaining excess phosphate removal in 

wastewater treatment plants, is the absence of nitrate during 

the periods the sludge must release phosphate. In plants with 

long aerobic residence times, nitrate can be formed from 
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ammonia by nitrifying bacteria. With the return sludge, the 

aerobically produced nitrate enters into the anaerobic zone 

and prevents an efficient phosphorus release (e.g. Wentzel et 

al. 1984). An efficient phosphate release is necessary to 

obtain excess phosphorus uptake in the aerobic zone (Hascoet 

and Florentz 1985). The following explanations have been given 

for the reduction of the phosphate release by nitrate: I) 

phosphate precipitation due to increasing pH values under 

denitrifying conditions (Arvin and Kristensen 1983; Arvin 

1983; Hascoet et al. 1984); II) inhibition of processes 

important for the phosphate release (Lötter 1984; Lötter and 

Van der Merwe 1987); III) the redox potential in the presence 

of nitrate is too high for efficient phosphate release 

(Rensink 1981; Peirano et al. 1983; Rensink et al. 1989); IV) 

competition between denitrifying and acidogenic or phosphate 

accumulating bacteria for the same substrate (Iwema and 

Meunier 1984; T'Seyen 1986; Chiesa et al. 1987; Mostert et al. 

1988; Boller 1988); V) the existence of denitrifying bacteria 

which also accumulate large guantities of phosphate (Koch and 

Oldham 1985; De Vries and Rensink 1985; De Vries et al. 1985; 

Gerber et al. 1986; Vlekke et al. 1988; Schön and Streichan 

1989; Kuba et al. 1992) 

7. OUTLINE OF THE THESIS 

The process of biological phosphate removal has already 

proven its applicability although the introductions of the 

process to wastewater treatment plants fails occasionally 

because of a lack of experience and understanding of the 

fundamental principles of the process. When the present 

investigation was started much knowledge about the physiology 

of pure cultures of Acinetobacter had been collected (Van 

Groenestijn 1988). However, the study with pure cultures did 

not give a complete insight in the complex interactions taking 

place in the activated sludge ecosystem. Therefore, the 

objective of the present research was to study activated 

sludges with enhanced phosphate removal. 
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Most studies on enhanced biological phosphate removal are 

conducted with activated sludges fed with undefined waste 

waters. To obtain a better understanding of the fundamental 

principles of the biological phosphate removal process, it was 

decided to develop a lab-scale system, which had to be simple 

and give possibilities to study enhanced biological phosphate 

removal under well defined conditions (Chapter 2) . The 

resulting sludge types were investigated over prolonged time 

periods. The sludges were compared with respect to the 

phosphorus content, phosphate release and polyhydroxybutyric 

acid storage. The enrichment of different inocula with 

phosphate-accumulating bacteria was followed. The contribution 

of chemically precipitated phosphates and acid-soluble 

polyphosphate to phosphate removal by sludges, is described in 

chapter 3. Chapters 4 and 5 are dealing with the cause of the 

reduction of the phosphate release under denitrifying 

conditions. Several possible causes given for the inhibition 

of the phosphate release by nitrate were investigated (Chapter 

4) . It was found very likely that nitric oxide caused the 

inhibition of phosphate release. Thus nitric oxide formation 

by the different sludges was investigated (chapter 5) . An 

attempt has been made to distinguish between biologically 

mediated nitric oxide formation and the spontaneous chemical 

reaction. 
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