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Abstract Enhanced biological phosphorus removal (EBPR) processes developed for wastew-
ater treatment are mainly based on the enrichment of activated sludge with phosphorus-
accumulating organisms under alternative anaerobic—aerobic conditions. According to the
literature information of the EBPR processes, this chapter attempts to review the biochemical
models, microbiology of the EBPR processes, and the main operating parameters that may
influence the performance of the EBPR processes.

1. INTRODUCTION

It is well known that excess nutrients such as nitrogen (N) and phosphorus (P) in water
bodies result in serious eutrophication, which is currently a global problem. Eutrophication
may affect the general aspects of water bodies, decreasing its aesthetic appeal and making
necessary treatment for drinking water more difficult and expensive. Aquatic life is also
adversely affected by this excess vegetable matter due to its depletion of oxygen, slowing
down the currents and sometimes producing toxic matters. In response to the harmful effects of
nutrients, more and more stringent regulations for controlling nutrient discharge in receiving
waters have been implemented in many countries, e.g., typical effluent standards that require
nitrogen and phosphorus concentrations in effluent must be less than 3 mg total nitrogen/l and
1 mg P/1, respectively. However, it should be noted that the phosphorus levels vary by region
and water body. In some regions, more stringent phosphorus discharge limit was set. The
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Spokane River in Washington, U.S., is a prime example. The regulators there set a phosphorus
discharge limit for treatment plants of 50 nug/L (1).

N and P are two necessary elements for the growth of algae, while P input is considered
more critical since many of the cyanobacteria are diazotrophic, capable of satisfying their N
requirements from the fixation of atmospheric nitrogen (2, 3). Chemical precipitation with
alum, ferric chloride, and lime has been widely used as a proven technology for phosphorus
removal (4). However, chemical treatment for P removal has the disadvantages of high chem-
ical costs, chemical handling and storage requirements, increased chemical slurry production,
and subsequent slurry handling and disposal costs. Biological processes are cost-effective and
environmentally sound alternatives to the chemical treatment of nutrient-containing wastewa-
ter (5). Biological phosphorus removal (BPR) from wastewaters is based on the enrichment of
activated sludge with phosphate accumulating organisms, namely PAOs (6, 7). These PAOs are
able to accumulate P in bacterial cells in the form of polyphosphate (polyP) granules in excess
levels normally required to satisfy the metabolic demands of growth, such a storage process
is commonly referred to as enhanced biological phosphorus removal or EBPR in short (8, 9).
In past decades, many treatment plants had been designed and built to deliberately reduce
not only organic carbon and nitrogen but also phosphorus by EBPR process. The advantages
of EBPR over the chemical precipitation include reduced sludge production, obviation of
effluent salinity problems experienced with the chemical process, easier management, and
significantly higher reuse potential of produced sludge.

2. BIOCHEMICAL MODELS FOR ENHANCED BIOLOGICAL
PHOSPHORUS REMOVAL

In 1955, Greenburg et al. (10) proposed that activated sludge could take up phosphorus
at a level beyond its normal microbial growth requirements. Subsequently, Srinath et al.
(11) reported in 1959 that soluble phosphorus in mixed liquor decreased rapidly to below
1 mg/L under varying conditions of aeration. In 1965, Levin and Shapiro (12) further proposed
the concept of excess biological phosphorus removal, i.e., “luxury uptake” with alternating
anaerobic/aerobic sequence of biological treatment systems, which is the accepted mechanism
of P removal. The EBPR process operates on the basis of alternating anaerobic and aerobic
conditions with substrates being supplied in the anaerobic stage, while a specific group
of bacteria capable of accumulating extra phosphates beyond the anabolic needs, namely
P-accumulating organisms (PAOs), can be selected ecologically by this way. Under anaer-
obic conditions, PAOs tend to release phosphorus and uptake simple organic carbon. In the
subsequent aerobic phase, PAOs prefer to generate energy by metabolizing the previously
stored organic carbon. As a result, the cell polyphosphate pools are replenished. In such
an anaerobic—aerobic alternative process, both phosphorus and organic carbon present in the
wastewater stream are considerably reduced.

The EBPR is mainly based on a series of biochemical reactions involved in anaerobic
and aerobic phases. So far, two main biochemical models for EBPR have been commonly
accepted, i.e., the Comeau/Wentzel model and the Mino model for convenience. The common
assumption of these two models is that alternative anaerobic/aerobic phases are essential
for the growth of bacteria that can accumulate phosphate in the form of intracellular polyP
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granules and perform EBPR; short chain fatty acids are taken up and stored in the form of
polyhydroxyalkanoates (PHA) as typical internal carbon source in the anaerobic phase, and
production of polyP and glycogen at the expense of the stored PHA during the subsequent
aerobic phase without extracellular and easily biodegradable carbon left over.

2.1. The Comeaul/Wentzel Model

The Comeau/Wentzel model was initially developed in 1985 (9, 13). The salient points
of this model are that (1) the model accepts the genus Acinetobacter as typical of the PAO
group, and the carbon and phosphorus biochemical pathways specific to Acinetobacter spp.
are recognized in this model; (2) the ATP/ADP and the NADH/NAD ratios are identified as
the key parameters that may regulate these pathways.

2.1.1. Under Anaerobic Conditions

The high extracellular acetate concentration allows passive diffusion of acetate into the
cell. In the Comeau/Wentzel model, the intracellular acetate is activated to acetyl-CoA by
coupled ATP hydrolysis, while the ATP hydrolysis releases cations (e.g., K* or Mg?*) and
the anion H,PO, . The cations are released to the bulk solution via a proton mediated antiport
protein carrier, and the phosphorus is released via a hydroxyl mediated antiport protein carrier.
Two acetyl-CoA molecules condense to form acetoacetyl-CoA, which is further reduced
by NAD(P)H; to form hydroxybutyryl-CoA, which then is polymerized to form poly-[3-
hydroxybutyrate (PHB). Conversion of intracellular acetate to PHB maintains a favorable
concentration gradient for further diffusion of acetate into the cell. Organisms with stored
PHB are able to use these as carbon and energy sources to grow and to assimilate phosphate
to synthesize polyP under aerobic conditions.

To supply the reducing power (NAD(P)H,) needed to convert acetoacetyl-CoA to
hydroxybutyryl-CoA, part of acetate is metabolized via the tricarboxylic acid (TCA) cycle.
As aresult, partial acetate is oxidized to carbon dioxide by TCA cycle for providing reducing
power; meanwhile partial acetate is used for formation of PHB, which was proposed by
Matsuo (14), Comeau et al. (13), and Wentzel et al. (9). The ATP required in the process is
regenerated from ADP by transfer of an energy-rich phosphoryl group from polyphosphate
(polyP) to the ADP. Originally, this transfer was proposed to be direct, catalyzed by the
enzyme ATP, e.g., polyphosphate phosphotransferase according to the following reaction:

(PolyP),, + ADP <« (PolyP),_; + ATP (D

However, evidence shows that there is an intermediate step in the ATP generation mediated
by the combined action of the enzymes and AMP, i.e., polyphosphate phosphotransferase and
adenylate kinase according to the following reactions (15):

(PolyP),, + AMP <> (PolyP),_; + ATP @)
ADP + ADP <> ATP + AMP 3)

Whichever pathway is operative, the net result is a decrease in the stored polyP concentration
and a generation of ATP. Conversion of acetate (Ac) to PHB (C4HzO,), can be summarized
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as follows:
2nAc + 2nATP + nNADH, + CoASH — (C4H0,),CoA + nNAD + 2nADP + 2nPi (4)
Metabolism of acetate via the TCA cycle for production of reducing power can be written as:
nAc + nATP + 4nNAD — 4nNADH, + nADP + nPi 4+ 2nCO, ®))
The net result of these processes can be expressed as:
9nAc + 9nATP + CoASH — (C4H¢0O,)4,CoA + 9nADP + 9nPi + 2nCO, (©6)

It appears from Eq. (6) that for every acetate utilized, one ATP is required, and one ADP and
one Pi are generated. This gives a theoretical molar ratio of acetate uptake to P release of 1:1.

2.1.2. Under Aerobic Conditions

In the Comeau/Wentzel model, PHB is broken down and used for either anabolic or
catabolic metabolism. In anabolism, carbon skeletons generated from PHB are incorporated
into cell mass. In catabolism, the PHB is broken down to acetyl-CoA, which enters the TCA
and associated glyoxylate cycles. Reducing equivalents (NADH,) generated in these cycles
are subsequently oxidized via the electron transfer pathway, and simultaneous oxidative phos-
phorylation generates ATP. The ATP generated is further used for cell energy requirements
(e.g., biosynthesis) and synthesis of polyP. Phosphate uptake for polyP synthesis occurs via the
hydroxyl mediated antiport, and cation uptake via the proton mediated antiport. However, it
should be pointed out that the model does not explain the increase in intracellular carbohydrate
(16) and increase in extracellular carbohydrate (17).

2.2. The Mino Model

The Mino model was developed to explain observations on a laboratory-scale anaero-
bic/aerobic system receiving an artificial substrate of acetate, propionate, glucose, and peptone
and observations on batch tests conducted using sludge from the laboratory-scale system.
In the laboratory-scale anaerobic/aerobic system, Mino et al. (16) measured the changes in
soluble P, polyP, PHB, acetate, and intracellular carbohydrate. They observed a decrease of
intracellular carbohydrates in the anaerobic phase and an increase in the subsequent aerobic
phase. Evaluation of these results is hampered by uncertainty as to whether the analytical
methodology used to determine carbohydrate adequately differentiated between extracellular
and intracellular carbohydrates, while in some methods, extracellular carbohydrates are not
separated from intracellular carbohydrates. For this reason, in describing the Mino model, no
differentiation is made between extracellular and intracellular carbohydrates. Another point
that requires clarification is whether the changes in PHB and carbohydrates are mediated by
the same organism type, or by different organism types that may present in the mixed culture
systems. To explain their results, Mino et al. (16) assumed that a single organism type would
cause the observed changes in both carbohydrates and PHB. Obviously, this point requires
further experimental clarification. Below is a brief description of the Mino model.
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2.2.1. Under Anaerobic Conditions

Acetate is first taken up by the organism, and intracellular acetate is activated to acetyl-CoA
by coupled hydrolysis of ATP (P released to the bulk solution). The ATP required in Eq. (2) is
supplied by the accumulated polyP. PHB is synthesized from acetyl-CoA (AcCoA) according
to the following reaction:

2nAcCoA + nNADH, — (C4HgO5)n + nNAD + 2nCoASH (7

Up to this stage the Mino model is in agreement with the Comeau/Wentzel model. The main
difference between the Comeau/Wentzel and the Mino model is the production of reducing
equivalents required for the conversion of acetyl-CoA to PHB. The Mino model suggests that
reducing equivalents is produced by the conversion of glycogen to acetyl-CoA via pyruvate,
and not by oxidation for acetyl-CoA via TCA cycle. Under anaerobic conditions, intracel-
lularly stored glycogen (C¢Hy¢Os), is converted to pyruvic acid via the Embden-Meyerhof-
Panas (EMP) pathway with the production of reducing equivalents (NADH,;). The pyruvic
acid is further converted to acetyl-CoA with the production of carbon dioxide. The overall
reaction for the breakdown of carbohydrate to acetyl-CoA can be expressed as follows:

(C¢H100s), + 3ADP + 3nPi + 4nNAD + 2nCoASH
— 2nAcCoA + 4nNADH 4 3nATP 4 2nCO, ®)

Thus, the reducing equivalents (NADH,) required in the reduction of acetate to PHB under the
anaerobic conditions are supplied by the consumption of carbohydrate via the EMP pathway.
By combining the reaction for the consumption of glycogen with that of the activation and
conversion of acetate to PHB, the following net reaction for changes in intracellular carbon is
obtained:

(C6H¢Os), + 6nAc + 3nATP — (C4Hc0,), 4+ 3nADP + 3nPi 4 2nCO, )

This reaction is in agreement with the observation by Bordacs and Chiesa (18), i.e., almost
no '*CO, is produced from ['*C]-acetate during the anaerobic period, which indicates that
the acetate taken up anaerobically is not oxidized to CO,, and thus not metabolized through
the TCA cycle. Other experimental evidence shows that glycogen is involved in the anaerobic
metabolisms of EBPR sludges (19, 20). With the increase of evidence favoring a key role
of glycogen in EBPR, the Mino model is now widely accepted. However, the possibility of
partial functioning of the TCA cycle cannot be totally excluded. The experimental results by
using '3C labeled acetate as substrate showed that a small fraction of acetate was metabolized
through the TCA cycle under anaerobic conditions supplying 30% of the reducing power for
PHA formation (21). Thus, it seems that the oxidation of acetyl-CoA via TCA cycle can meet
the demands of reducing power of PHA synthesis, and the oxidation of glycogen to acetyl-
CoA will provide the remainder (21, 22).

For the bioenergetics of anaerobic substrate assimilation and PHA synthesis by PAOs,
glycogen catabolism is thought to provide ATP for PHA production besides ATP from polyP
degradation, and the amount of energy produced by glycogen depends on the pathway for
glycogen catabolism (20, 22, 23). In the study by Mino et al. (16), nitrate concentrations in
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the laboratory-scale systems and batch tests were not reported. In this case, if nitrate was
discharged to the anaerobic phase or was present at the beginning of the batch tests, an uptake
of acetate for denitrification would take place without concomitant P release. This would
partially explain the high ratio of acetate uptake to P release, i.e., 3.4:1 as reported by Mino
et al. (16).

2.2.2. Under Aerobic Conditions

The anaerobically stored PHA is further utilized as the energy and carbon source to
recover the glycogen and polyP levels. As a result, the stored PHA decreases and soluble
orthophosphate is taken up by the sludge with the increase in intracellular glycogen and polyP.

2.3. The Adapted Mino Model
2.3.1. Under Anaerobic Conditions

Compared to the Mino model, the reducing equivalents in the adapted Mino model
that convert acetate to PHB are supplied by consuming carbohydrates through the Entner—
Doudoroff (ED) pathway. In fact, this has a significant influence on the stoichiometry of P
release and acetate uptake because consumption of carbohydrates through the ED pathway
produces markedly less energy than that produced through the EMP pathway, thus more
energy production via polyP breakdown will be necessary to convert acetate to acetyl-CoA.
Consumption of carbohydrates via the ED pathway can be written as follows:

(C¢H100s5), + 3nNAD + nNADP + 2nADP + 2nCoASH + 2nPi
— 2nAcCoA + 3nNADH + nNADPH, + 2rATP + 2nCO, (10)

Equation (10) shows that only 2 ATPs are produced, while Eq. (8) indicates that in the EMP
pathway, 3 ATPs are generated per carbohydrate consumed. Acetyl-CoA produced by the
consumption of carbohydrates is further converted to PHB according to Eq. (7). Combining
Egs. (10) and (7) gives the overall equation for the consumption of carbohydrates:

(CeH005),, + 2nNAD + nNADP + 2nADP + 2nPi
— (C4Hg0O,),, + 2nNADH, + nNADPH, + 2nATP + 2nCO, (11

Assume that Eq. (4) is acceptable for the production of PHB from acetate; the overall process
can be summarized as:

(C6H¢Os), + 6nAc + 4nATP — (C4H¢0,), 4+ 4nADP + 4nPi 4 2nCO, (12)

Note that NAD and NADP are used interchangeably, i.e., either form can be used in PHB
synthesis. Comparison of Eq. (12) with Eq. (9) for the EMP pathway shows that in the ED
pathway 4Ps are released for every 6Ac taken up, i.e., molar ratio of Ac taken up to P released
is about 1.5:1; however, in the EMP pathway 6 moles of Ac are taken up for every 3 moles of
P released, i.e., molar ratio of Ac taken up to P released is 2:1.
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2.3.2. Under Aerobic Conditions

The adapted model follows the Mino model for PHB utilization, P uptake and polyP
formation, cell synthesis, and carbohydrate regeneration from the PHB. The regeneration
of carbohydrates from PHB assumes that the organisms possess the required biochemical
pathways as discussed above. Necessarily, the regeneration must involve the formation of
glucose from acetyl-CoA. In organisms where this conversion occurs, acetate undergoes an
anabolic sequence known as the glyoxylate cycle. A mechanism for carbohydrate regeneration
has been proposed as follows: PHB is broken down to acetyl-CoA via normally accepted
biochemical pathways (9, 24). Acetyl-CoA is further converted to phosphoenolpyruvate via
malate and oxaloacetate. In fact, phosphoenolpyruvate is an intermediate in the ED pathway
and can be converted to carbohydrate by a reversal of the ED pathway. In both the Mino and
the adapted Mino models, the formation of carbohydrates under aerobic conditions is essential
for PHB formation under the subsequent anaerobic condition. Conceptually, the formation of
a carbon storage sink under the carbon limiting conditions may present difficulties, and merits
further study.

There is apparent consensus regarding many key features of the organism behaviors mediat-
ing EBPR and the biochemical pathways involved. However, little experimental biochemical
data are yet available to validate any of these empirical models, and even NMR data are
unable to fully explain the behaviors of the different communities since the structure/function
relationships of the populations involved are completely unknown (25). In addition, many
aspects of the biochemical models are still not fully understood, e.g., (1) the source of reducing
equivalents (NADH required in the reduction step for converting acetate to PHB) remains to
be unclearly defined; (2) experiments carried out to verify biochemical models in terms of
the key features (PHB/P and acetate/P ratios) could not offer quantitative consistency with
predictions, etc (26). Therefore, in order to successfully design and manage the EBPR process,
a sound understanding of the energetic metabolism and biochemical pathways of this process
is essential.

3. MICROBIOLOGY OF THE EBPR PROCESSES

The biochemical models developed for EBPR are mainly based on the assumption that
there is a typical group of microorganisms dominating the EBPR process. So far, phosphorus
accumulating organisms (PAOs) and their competitors, the non-polyphosphate glycogen accu-
mulating organisms (GAOs) have been identified. Evidence shows that the EBPR communities
are very diverse phylogenetically, as are the non-EBPR activated sludge communities.

3.1. Phosphorus Accumulating Organisms

Acinetobacter spp. was the first group of phosphorus accumulating organisms (PAOs)
isolated and identified for EBPR (8). The PAOs are clusters of coccobacillus-shaped microor-
ganisms containing polyphosphate, and are dominant in the EBPR process (27-32). A number
of the organisms associated with phosphorus removal have been isolated from the EBPR
processes, including Lampropedia (33), Microlunatus phosphovorus (34), Micropruina glyco-
genica (35) and Tetrasphaera spp. (36). However, none of these isolates exhibits all the
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characteristics that EBPR sludge should possess, e.g., some isolates lack the anaerobic acetate
metabolisms (acetate uptake and its conversion to PHA for storage coupled with hydrolysis of
stored polyP and consequent release of orthophosphate under anaerobic conditions) (37).

The disadvantages associated with analyzing natural microbial communities using culture-
dependent methods have been discussed extensively in the literature. Thus, culture-
independent approaches, including chemotaxonomic methods such as quinone profiling (38)
and molecular methods, e.g., the fluorescence in situ hybridization (FISH) (39), the clone
library approach, denaturing gradient gel electrophoresis (DGGE) (40), and terminal restric-
tion fragment length polymorphisms (T-RFLP) (41), have been used for studying the micro-
biology of EBPR.

Chemotaxonomic markers have been used for the analysis of microbial community compo-
sition, in which the presence of certain cell components may indicate the presence and relative
abundances of particular bacterial populations (38). For example, diaminopropane was used
as a marker for members of the genus Acinetobacter present in full-scale plants with high
P removal (42). The type of respiratory quinone in biological samples can be quantitatively
determined, and the quinone patterns should explicitly reflect the chemotaxonomic compo-
sition of the examined samples, e.g., ubiquinone Q-8, diagnostic of the 3-Proteobacteria
was the most abundant quinone in both EBPR and non-EBPR biomass samples, and not
Q-9 associated with the y-Proteobacteria, including Acinetobacter spp (43). Menaquinone
profiles may also change during the EBPR, and had been suggested as possible useful
chemical indicators for monitoring P removal (44).

A fluorescent antibody staining technique developed for the identification of Acinetobacter
revealed that the number of Acinetobacter in the EBPR processes studied was less than
10% of total bacteria and could not account for the EBPR observed (45). So far, more and
more evidence shows that Acinetobacter spp. would not be real PAOs (46, 47). The FISH
with the group-specific oligonucleotide probes targeting rRNA further revealed that there
was an underestimation of bacteria belonging to the [3-subclass of Proteobacteria and an
overestimation of bacteria in the y -subclass of Proteobacteria with culture-dependent method
(47). Therefore, it appears that the culture-dependent enumerations of the y -subclass bacteria
of the genus Acinetobacter in the EBPR plants would result in significant overestimation.
FISH using a probe specific for Acinetobacter also showed that the number of Acinetobacter
was very small, i.e., the role of Acinetobacter in the biological P removal process might be
insignificant (48). In addition, the number of DNA sequences found for the Actinobacteria
were much lower than the number of these bacteria detected by the other methods (e.g., FISH);
these may suggest that their DNA is not as readily obtained as that from other bacteria (49, 50).

Bacterial community structures of P-removing and non-P-removing sludges have been
studied and further compared by 16S rDNA clone library analysis (49). It was found
that in both sludges, the predominant bacterial group represented in the clones was the
B-Proteobacteria at a level of 28%, while the Rhodocyclus group within the 8-Proteobacteria
was represented more in the reactor with greater P removal (49). However, it should be
realized that determination of the microbial community structure using this method may not
be representative because of a relatively low number of clones examined, which would not
represent the full species abundance in the sludges.
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So far, B-Proteobacteria has been reported to be the most abundant bacteria in different
activated sludge processes when FISH was used as the method of analysis (47, 51, 52). Using
FISH technique, Bond et al. (53) found that two subgroups of the §-Proteobacteria comprised
55% of all bacteria in an efficiently operating laboratory-scale EBPR reactor. Olsen et al.
(54) described the lab-scale PAOs-enriched, high-performing EBPR cultures by analyzing
the full-cycle rRNA, while Hesselmann et al. (55) firstly reported the definitive phylogenetic
placement of the f-Proteobacteria-2 subgroup PAO as a close relative of Rhodocyclus spp.
and named the organism “Candidatus Accumulibacter phosphates” or Accumulibacter for
short. Using FISH and post-FISH chemical staining techniques, Crocetti et al. (56) further
demonstrated that the Accumulibacter cells were able to cycle polyP according to EBPR. This
in turn provides support to the finding by Hesselmann et al. (55).

Single strand conformational polymorphism (SSCP) and 16S rDNA clone library analysis
have been used to study the microbial ecology of efficient and deteriorated EBPR (57, 58).
SSCP showed an abundance of Accumulibacter in the microbial ecosystem as well as the
prominent appearance of other bacteria, notably some y -Proteobacteria and microorganisms
closely related to Haliscomenobacter in the Bacteroidetes phylum (58). Increasing evidence
shows that Accumulibacter is a PAO in both laboratory- and full-scale EBPR processes
(59, 60). Thus, Accumulibacter has been presumed to be the first of many confirmed PAOs.
Additional PAO candidates may include Actinobacteria (47), a-Proteobacteria (61), and
y -Proteobacteria (62).

3.2. Non-polyphosphate Glycogen Accumulating Organisms

Tetrad-arranged cocci had been found in glucose-fed EBPR process with a poor phosphorus
removal, and they were called glycogen-accumulating organisms (GAOs), but these GAOs
could grow well when acetate was the carbon source in anaerobic—aerobic reactors (63, 64).
GAOs are often described as large oval cells (2—3 um in diameter) that form compact
aggregates, and apparently attach together with extracellular slime (64). So far it is known
that the GAOs may out-compete the PAOs in anaerobic—aerobic EBPR systems under some
conditions. It has been hypothesized that the GAOs could assimilate glucose anaerobically
better than the PAOs, and eventually used it for the production of PHA, which could be
further metabolized under subsequent aerobic conditions for glycogen formation. These seem
to imply that the GAOs are selectively favored and become predominant populations under
certain conditions. Since the GAOs are unable to synthesize polyP under aerobic condition,
this leads to the failure of the EBPR in the GAOs-dominant process (23). As noted by Mino
et al. (23), a deeper insight into the biodiversity of PAOs and GAOs is strongly needed for
optimizing the EBPR under different operating conditions, which may in turn select and enrich
different PAOs and GAOs.

4. BIOLOGICAL PHOSPHORUS REMOVAL PROCESSES

To date, all biological phosphorus removal processes developed are based on alternative
aerobic and anaerobic cycle operation.
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4.1. Process Description

4.1.1. PhoStrip Process

The PhoStrip process was first reported in 1965 (12, 65), which is a combination of
both biological and chemical phosphorus removal processes. The PhoStrip process has been
referred to as a side-stream process since a portion of the return activated sludge flow is
diverted for phosphorus stripping and subsequent precipitation with lime. Because a percent-
age of the return sludge that is subjected to anaerobic conditions for different detention times
in the stripper tank is adjustable, a wide range of phosphorus removal can be achieved. Control
of the side-stream permits phosphorus removal to be divided between supernatant from the
stripper and waste activated sludge, i.e., phosphorus removal is carried out by chemical
precipitation or in the waste biological sludge. In this process, an effluent concentration less
than 1 mg/L total phosphorus can be achieved with less dependence on the BOD strength
of the influent wastewater. A large percentage of the phosphorus removal is tied up as
lime sludge, which causes less concern than handling a phosphorus-rich waste biological
sludge. Compared with the direct chemical addition to an activated sludge aeration basin for
phosphorus precipitation, the PhoStrip process may require a lower chemical dosage, and is
cost-effective because the lime dosage is a function of the alkalinity and not the amount of
phosphorus to be removed, as is the case for alum and iron salts. This potential advantage is
dependent on wastewater alkalinity, phosphorus concentration, and relative chemical costs.

4.1.2. The Bardenpho Process

The Bardenpho process is an activated sludge process specially designed to accomplish
biological phosphorus and nitrogen removal. The original process developed by Barnard
(66) is a single-sludge, four-stage (anoxic—aeration—anoxic—aeration) system intended for
nitrogen removal through nitrification and denitrification. For the purpose of P removal, the
Bardenpho process has been modified by adding an anaerobic stage ahead of the original
four-stage Bardenpho nitrogen removal system. Such a modification allows for the creation of
an anaerobic—aerobic contacting condition necessary for biological phosphorus uptake. In the
modified Bardenpho process (67), the recycled activated sludge separated from the clarifier is
mixed with the influent wastewater prior to the anaerobic contactor. Such a mixing strategy
can initiate luxury phosphorus uptake by releasing phosphates first. The mixed liquor from
the anaerobic contactor then flows into the first anoxic denitrification stage in which it is
further mixed with the internally recycled mixed liquor from the aerobic nitrification zone. In
the first anoxic stage, nitrate is denitrified to nitrogen gas using the influent BOD as carbon
source. About 70% of the nitrate—nitrogen produced in the system can be removed in the first
anoxic stage. Then, the mixed liquor flows into the aerobic nitrification zone in which luxury
phosphorus uptake, ammonium oxidation, and additional BOD removal occur. Following the
aerobic nitrification stage, a second anoxic stage can further provide the possibility to enhance
additional denitrification, which is designed to remove additional nitrate in order to minimize
nitrate fed back to the anaerobic contactor. The final aerobic stage provides a short time
period of mixed liquor aeration prior to clarification to minimize anaerobic conditions and
phosphorus release in the second clarifier.
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4.1.3. Anaerobic/Oxic Process

The Anaerobic/Oxic process, namely A/O process, was initially developed for the removal
of phosphorus and/or nitrogen from wastewater (68, 69). The A/O is a single-sludge suspended
growth system that combines anaerobic, anoxic, and aerobic zones in sequence. The anaerobic
and the aerobic stages are divided into a number of equal size complete-mixed compartments.
Partition of several compartments makes the hydraulic flow approaching plug-flow and pre-
vents backmixing. For the removal of phosphorus, three compartments are commonly used
for the anaerobic stage and three or more for the aerobic stage. Recycled sludge from the
clarifier is mixed with influent wastewater in the anaerobic section so that there is sorption
of BOD by biomass, with accompanying phosphorus release necessary for biological phos-
phorus removal. The anaerobic section is covered and equipped with mechanical mixers for
mixing but not aeration. The oxic stage required for the oxidation of BOD and uptake of the
phosphorus released in the anaerobic stage, is aerated with air or pure oxygen. Phosphorus
is removed by the discharge of the waste sludge from the system, which may contain 4-6%
P by dry weight. The achievable phosphorus concentration in effluent is dependent on the
rate of sludge wasting, which is controlled by the operating solids residence time (SRT).
Relatively short SRTs and high organic loading rates are the key features of the A/O process
(67). Compared to the Bardenpho process, this results in greater sludge production and more
phosphorus removal per unit of BOD removal in the system. However, the choice of further
sludge stabilization methods (anaerobic or aerobic digestion) must account for the amount
of phosphorus released during stabilization as well as the effect of recycle streams from the
stabilization units on facility performance.

When necessary, nitrification can be accomplished in the oxic section operated at a properly
selected SRT and organic loading suitable for the growth of nitrifying bacteria. When deni-
trification is required, the anoxic section is included between the anaerobic and oxic sections,
namely A2/O process. The anoxic section is deficient in dissolved oxygen, but chemically
bound oxygen in the form of nitrate or nitrite is introduced by recycling nitrified mixed liquor
from the oxic section back to the anoxic section. Internal recycle flow of 100-300% has been
used, and consequently 40-70% of nitrate—nitrogen removal can be achieved by this way.

4.1.4. The UCT Process

The UCT process for biological phosphorus removal is the modification of the Bardenpho
process. In the UCT process, the recycled activated sludge is directed to the anoxic stage
instead of the anaerobic stage as in the Bardenpho process (67, 70). In fact, the UCT process
is based on the finding that initial phosphorus removal efficiency could be negatively affected
by nitrate—nitrogen entering the anaerobic stage. Nitrate may serve as an electron acceptor
during the biological oxidation of BOD entering the anaerobic stage. This in turn results in
competition for the soluble, readily biodegradable BOD that would normally be converted
to fermentation products for subsequent use by the biological phosphorus-removing bacteria
in the anaerobic zone in the absence of nitrate—nitrogen. In the Bardenpho or A/O process,
the ratio of the nitrate—nitrogen in the sludge recycled to the anaerobic stage and the soluble
BOD available in the influent to that zone determines if sufficient BOD will remain after
denitrification to produce a necessary concentration of the fermentation products for biological
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phosphorus removal. For wastewaters with a relatively high ratio of TKN to BOD, the effect
of nitrate—nitrogen in the recycled sludge on anaerobic zone fermentation may be significant
for these two processes.

4.1.5. The Modified Activated Sludge Process

In practice, the existing activated sludge systems can be changed operationally to create an
anaerobic fermentation zone ahead of the aeration zone for biological phosphorus removal.
This modified activated sludge process typically involves turning off air flow or aerators in the
front of the activated sludge basin.

4.1.6. Combined Process for Biological Phosphorus Remouval

A stripper is added in a combined biological system for phosphorous removal. The stripper
consists of a complete mix tank for anaerobic contact of a side-stream of return activated
sludge followed by a clarifier for separation of the stripped sludge. This combination allows
for more than 97% total phosphorus removal compared to 40-50% removal for the anaerobic—
aerobic sequence without the stripper (67). This process is operated with a relatively low
organic loading, and nitrification can also be realized. High nitrate production may have effect
on the phosphorus removal efficiency in the anaerobic—aerobic system without the stripper.

4.1.7. SBR Process

Sequencing batch reactor (SBR) has been widely applied for biological phosphorus
removal. The SBR is a fill-and-draw activated sludge system. The operation steps of a SBR
basically consist of a fill period in which flow is diverted to one of the SBR tanks while the
other tank(s) operates in the reaction, settle, effluent withdrawal, or idle operation sequences
(70). After the fill period, the reactor contents are mixed, but not aerated, to provide the anaer-
obic period for phosphorus release and uptake of soluble fermentation products. The next step
is the aeration period followed by a settling period without aeration and mixing. The effluent
is then withdrawn at the end of the settling period. After the effluent withdrawal, a variable
length of idle time may occur, which depends on the influent flow rate (70). Combined with the
step-feed strategy, a high degree removal of total phosphorus (>98%), total nitrogen (>97%),
and total COD (>95%) was consistently and reliably achieved after a 3-month start-up period
in SBR (71).

4.1.8. Granular Sludge Process

During the past few years, aerobic granules for organic carbon removal and for simultane-
ous carbon and nitrogen removal have been developed in aerobic sequencing batch reactors
(SBR) (72-74). Compared to conventional activated sludge flocs, aerobic granular sludge has
aregular, dense and strong physical structure, good settling ability, high biomass retention, and
the ability to withstand shock-loading rate. So far, almost all biological phosphorus removal
is carried out by activated sludge. With the development of granular sludge technology, Lin et
al. (75) first produced phosphorus-accumulating microbial granules in alternative anaerobic
and aerobic sequencing batch reactors at different substrate P/COD ratios for biological
phosphorus removal. The structure of the granules became more compact and dense as the
substrate P/COD ratio increased and the P uptake by granules fell within the range of 1.9-9.3%
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by weight, which is comparable with the uptake obtained in conventional enhanced biological
phosphorus removal processes.

A recent study showed that the chemical precipitation-related P in granules only accounted
for less than 10% of the total P accumulation, i.e., biological storage was mainly responsible
for the observed P accumulation in microbial granules (76). According to the elemental
analyses (76), the empirical formulas of P-accumulating granules developed at different sub-
strate P/COD ratios were generated, and significant difference in the elemental compositions
between P-accumulating and non P-accumulating granules was observed, indicating a shift
in microbial association. The substantial accumulation of calcium and magnesium ions was
also found in the P-accumulating granules, and was closely related to the polyphosphate
accumulated in granules. The granular sludge technology for biological phosphorus removal
is expected to overcome problems encountered in the suspended growth P removal process,
such as sludge bulking, large treatment plant space, secondary P release in a clarifier, higher
production of waste sludge.

The application of this granular technology to an abattoir wastewater in a sequencing batch
reactor showed that P removal was over 98% when influent total P was 217 mg/L (77).
Meanwhile, the results showed that single granular SBR could realize the simultaneous COD,
N, and P removal in abattoir wastewater (77). In addition, P-removal efficiency by steady-
state aerobic granules at temperatures of 20, 15, and 8°C were over 95% (78). All these results
showed that aerobic granular sludge technology offers a possibility to design compact wastew-
ater treatment plants based on simultaneous COD, N and P removal in one sequencing batch
reactor (78-80). In addition, it has been proven that selection for slow-growing organisms PAO
improved the granule stability, particularly at low oxygen concentrations (80). Therefore, the
simultaneous removal of COD, N, and P is favorable to the long-term operation stability of
aerobic granular sludge.

4.2. Process Applications and Limitations

The PhoStrip, Bardenpho, and A/O processes are capable of removing total phosphorus
from 4 to 12mg/L normally found in municipal wastewaters to 1-2 mg/L (67). Industrial
practice shows that the PhoStrip process can consistently produce effluent with a soluble
phosphorus concentration less than 1.0 mg/L as PO,—P. However, due to variability in flow
and wastewater characteristics as well as other operation reasons, excursions above 1 mg
total phosphorous/l in treated effluent are often encountered (70). The PhoStrip process is
particularly applicable to cases where only phosphorus removal is required, i.e., with no
requirement on nitrification. Basically, the PhoStrip process is not applicable when hydraulic
retention time in the aeration unit exceeds 10h, or when significant nitrification occurs in
the system. If nitrification is necessary, PhoStrip can be used in conjunction with the first
stage of a two-stage activated sludge process, or a single-stage activated sludge system, while
modifications, e.g., increased hydraulic retention time in the anaerobic unit, would be required
in order to compensate for the effect of nitrate.

The A/O process is often applied for phosphorus removal with or without nitrification.
Concentration of total phosphorus in the treated effluent from the A/O process is usually in
the range of 1.5-3.0 mg/L. Since significant amounts of effluent phosphorus are associated
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with the suspended solids, filtration of the effluent from the A/O process would be necessary
in order to produce water with total phosphorus less than 1 mg/L. It is also possible to
design the A/O process for denitrification. However, the capability of the A/O process for
the phosphorus removal and complete nitrification—denitrification remains undemonstrated. It
should be noted that phosphorus-rich waste sludge is generated from the A/O process. Aerobic
or anaerobic digestion has been commonly employed to stabilize this sludge through removing
degradable portions of volatile solids. In particular, when anaerobic digestion is chosen, the
digested liquor contains high concentration of phosphorus and should be treated by chemical
precipitation of phosphorus before returning to the front end of the A/O system (67).

The Bardenpho process is an effective process designed for the removal of both the phos-
phorus and total nitrogen, while it is rarely used when only phosphorus removal is desired.
It seems hard for the Bardenpho process to produce an effluent with total phosphorus less
than 2 mg/L or soluble phosphate less than 1 mg P/l without supplemental mineral addition.
If the total phosphorus in the effluent below 1 mg/L is required, filters are needed for further
polishing the effluent from the Bardenpho process. Since SRT in the Bardenpho process is
typically maintained at about 20 days and can be as high as 40 days, the excess sludge
generated from the system is well stabilized. Regarding the UCT process, it is generally
suitable for the treatment of wastewaters with influent TKN to COD ratios greater than 0.08
or influent COD to TKN ratios less than 12.0 (81).

5. FACTORS AFFECTING EBPR

In the operation of full-scale EBPR, difficulties in assuring stable and reliable system
performance have been recognized. Failure of EBPR process has occurred in the laboratory as
well as in full-scale wastewater treatment plants without a clear cause (82-84). It has been
believed that a possible reason may be due to the competition between PAOs and GAOs
induced by the operational conditions, such as substrate, sludge age, anaerobic/oxic time ratio,
and so on.

5.1. Type of Substrate

The success of activated sludge plants for EBPR depends on the composition of wastewater
to a certain extent (13, 85). Tam et al. (86) showed that the addition of readily biodegradable
carbon significantly enhanced the nutrient removal while fructose or starch supplementation
was detrimental to P-removal. Glucose, propionate, and amino acid rich synthetic wastewater
are also extremely detrimental to P-removal (87). Glucose, which may induce accumulation
of the GAOs, is the least effective carbon source and is not recommended for biological
phosphorous removal (88). In the study of the influence of wastewater biodegradability on
EBPR in batch tests with different kinds of carbohydrates, e.g., saccharose, cellobiose, starch,
and cellulose, Martinez et al. (89) reported that soluble carbohydrates allowed an EBPR
mechanism, but particulate carbohydrates seemed to cause non-biological P-removal. Among
all kinds of substrates tested, volatile fatty acids are the most effective substrate for EBPR
since those non volatile fatty acid substrate need to be converted to acetic acid first for further
take-up by bacteria (84, 90). It has been proved in batch tests with prefermentation of glucose
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that the addition of VFA of two to five carbon chain lengths with the exception of propionate
would result in greater P-removal (91, 92). As carbon source, acetate, and butyrate were
equally good for P-removal whereas propionate was the least efficient VFA for EBPR (93). In
addition, branched VFA have been shown to be superior to their linear counterparts for more
efficient P-removal. Basically, 1 mg of phosphorus removal requires about 7-9 mg of VFAs
(94). Besides direct addition of VFAs as substrate for P-removal, VFAs can also be produced
on-site by other wastewater (95).

5.2. Organic Loading

Influent organic loading is an important parameter which determines the extent of excess
phosphorus removal in a biological process since low COD loading results in poor P-removal,
and excessive COD loading can lead to deterioration of the BPR process. High influent
acetate concentrations would negatively affect BPR (96), e.g., increasing the influent acetate
concentration to 400 mg/L led to efficient anaerobic P-removal in a biofilm system; however,
further increasing the influent acetate concentration to above 600 mg/L resulted in cessation
of anaerobic P-release and subsequently a deterioration of the P-removal capability (97). At
higher COD loading rates, the sludge appears to convert the influent organics first to a storage
product, namely 3-hydroxyvalerate, which is mainly utilized by the GAOs. This would result
in a failure of phosphorus removal process (98). The ratio of influent acetate, or BOD, or COD
to P also exerts an influence on the BPR removal capability. The influent to the anaerobic zone
of the BPR system should have a ratio of BODs to the total P higher than 20:1 or COD:P ratio
greater than 40:1 for achieving an effluent P concentration of less than 1.0 mg/L (99).

5.3. Magnesium and Potassium

In the EBPR process, evidence shows that Mg?* and K* concentrations in bulk solution
tend to increase in anaerobic phase and decrease in subsequent aerobic phase. Furthermore,
the charge ratio of cation decrease to phosphate decrease in the bulk solution is one mole
positive charge decrease per mole phosphate decrease (13). This is mainly due to the fact
that one positive charge is required to stabilize one phosphate group in any polyP chain and
the expulsion of each phosphate molecule from the cell needs one cationic charge from K+
or Mg?* (100). The cation limitation would have negative effect on anaerobic P-release and
acetate uptake, leading to P-removal decrease. It is likely that the magnesium and potassium
concentrations would play an important role in maintaining the stability of the EBPR process.
So far, there is no evidence to show that calcium is involved in EBPR. In general, there are
excessive K* and Mg?* in municipal wastewater, i.e., no cation limitation could be assumed
in the EBPR process (99). However, full-scale sewage treatment plants designed for EBPR
may periodically experience short- or long-term shortage of potassium in the influent, while
excess potassium strongly influences the properties of activated sludge, and results in the poor
dewatering property and effluent quality (101).

5.4. Nitrate Content in the Influent

Evidence shows that the presence of NO,-N can disturb the release of phosphorus in the
anaerobic zone and further reduce the uptake of phosphorus in the aerobic zone (67, 102, 103).
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The possible reason behind is that in the presence of nitrate—nitrogen in the anaerobic zone,
denitrifier will consume the organic carbon readily available for PAOs. Generally, 5 g COD is
consumed in denitrifying 1 g of nitrate—nitrogen in the anaerobic zone. These imply that the
presence of nitrate would reduce the net influent BOD/P ratio to the system. For wastewater
with a low BOD concentration, nitrate entering the anaerobic zone can significantly deplete the
BOD available for conversion to anaerobic fermentation products. Depending on the amount
of nitrate received, this will lead to a lowered phosphorus removal efficiency, or even prevent
biological phosphorus removal. For wastewater with high soluble organic concentration, the
effect of nitrate may not be significant. If soluble organic concentration is high enough,
VFA reduction and phosphorus release can occur simultaneously (104). In addition, the
recirculation ratio of the return activated sludge also plays an important role as it affects the
amount of inflow nitrate—nitrogen to the anaerobic zone. The redox potential is another key
factor determining the rate of anaerobic P-release. In general, a lower redox potential would
favor the phosphate release in the anaerobic phase (105). The presence of low-concentration
oxygen or other oxidizing agents, e.g., nitrate, may alter the redox potential, and thus may
negatively impact the rate of phosphate release.

5.5. Phosphorus Loading

So far, research attention has been given to EBPR of low-phosphate wastewaters, while
there are few attempts to apply biological systems to treat influents with phosphorus con-
centration higher than 20 mg P/1. The ratio of phosphorus to total organic carbon (P/TOC)
in a system is crucial in effectively selecting PAOs as well as in giving them a competitive
advantage (106). Kinetically, low phosphate loadings may suppress the growth of PAOs. This
would eventually lead to the establishment of GAOs over PAOs, i.e., GAOs dominate at low
P loadings (107, 108).

5.6. Temperature

Although EBPR processes have been applied successfully for both cold and warm wastew-
ater, it is clear that low temperatures would pose a negative effect on biological P-removal. An
incomplete P-uptake was observed in the aerobic phase at 5 and 10°C, while at 20 and 37°C, a
complete P-uptake was achievable (109, 110). In contrast, good or even comparatively better
P-removal efficiency at lower temperatures of 5-15°C was reported by Barnard et al. (82).
These inconsistent results may be due to a poor understanding of PAOs. Panswad et al. (111)
reported that the PAOs would belong to lower-range mesophiles, or perhaps psychrophiles and
predominated only at 20°C or possibly lower, while the GAOs would be classified, somewhat,
as mid-range mesophilic organisms with optimum temperature between 25.0 and 32.5°C.

5.7. pH

More efficient biological phosphorus removal normally occurs at pH values of 7.5-8.0.
The maximum specific growth rate of Acinetobactor at a pH 8.5 was 42% higher than that
at a pH of 7.0 (112). The pH between 6.5 and 7.0 has an insignificant effect on the specific
phosphorus uptake rate in the aerobic zone; however, once the pH drops below 6.5, the PAO
activity steadily declines, and 100% of the activity would be lost at a pH 5.2 (113). A negative
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effect of acidic pH on both acetate uptake and P-release in the anaerobic stage had been
observed, whereas a more alkaline pH inhibited the uptake of acetate and stimulated more
P-release than at acidic pH (98). The pH of a combined EBPR and BNR system requires
careful monitoring since the various processes, such as nitrification, denitrification, P-release
and P-uptake, all have specific pH ranges within which they can be optimized. Nitrification,
in particular, appears to be sensitive to the changes in pH, e.g., the optimum pH is in the range
of 7.9-8.2 for Nitrosomonas, whereas it ranges from 7.2 to 7.6 for Nitrobacter (114). The
optimum pH for denitrification appears to be in between 7.0 and 8.0 (70). As discussed above,
maintenance of a stable, neutral pH is essential for the stability of the EBPR process. When
the influent pH was reduced from 7.2 to a weakly acidic value of 6.3, P-removal efficiency
was adversely affected and 15 days were required to reestablish steady-state conditions (109).

5.8. Dissolved Oxygen

A combined EBPR and BNR process must satisfy many different oxygen demands from
the bacterial populations present in the system. Activated sludge systems designed for carbon
oxidation and nitrification typically require DO levels greater than 2 mg/L (70, 115). If the DO
is too low, phosphorus removal may be reduced, incomplete nitrification will result, and a poor
settling sludge may be developed. In the EBPR process, the anaerobic zone must be kept
nearly free of oxygen (0.0-0.2 mg/L DO) as the presence of oxidizing substances will interfere
with the EBPR process, while an oxygen concentration of 3.0—4.0 mg/L in the oxic zone has
been recommended with BNR (116). In practice, the maintenance of oxygen concentrations
above 4 mg/L will cause a waste of energy for aeration. Meanwhile, excessive aeration may
negatively affect the EBPR process as cessation of P-uptake occurs due to the depletion
of poly-hydroxy-butyrate (PHB) in an over-aerated process (6). In addition, denitrification
performance could be limited due to the increase in DO recycled to the first anoxic zone.

5.9. Lengths of Anaerobic and Aerobic Phases

EBPR is realized through an alternative anaerobic—aerobic cycle operation; thus, the rela-
tive lengths of anaerobic and aerobic phases would have a profound effect on the performance
of the EBPR process. A long anaerobic phase would aid the polyP accumulators in the com-
petition for food against other heterotrophs capable of anaerobic substrate uptake (117, 118).
The necessity and the success of longer anaerobic contact times depend on the strength and
nature of the wastewater. It should be noted that unnecessary PHA oxidation in the absence
of extracellular P would occur if the aerobic reaction time is longer than that required for
P-uptake (119). In practice, by adjusting the aeration time to that required for P-uptake,
residual PHA is sustained in the SBR and excess phosphate-uptake reaction potential (PRP) is
generated during transient influent excursions in P. Consequently, a shorter anaerobic contact
time would result in insufficient phosphorus release. However, at a longer anaerobic contact
time, polyP microbial bacteria would be inactivated. It appears that anaerobic contact time
must be optimized together with aerobic contact time in the EBPR process. An/Ox contact
time ratio of 1/2 has been recommended for efficient EBPR (120).
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5.10. Solid Retention Time

Phosphorus removal is strongly dependent on solid retention time (STR). The different
populations involved in the combined nutrient removal processes have different requirements
in relation to SRT (67, 70). In general, slow-growing organisms, such as nitrifying bacteria,
require longer SRTs, e.g., the Bardenpho process is often operated at longer STRs in order to
accomplish nitrification and denitrification. However, lower sludge yields associated with the
longer SRTs would hinder the phosphorus removal capacity because a decrease in the polyP-
microbial fraction in the mixed culture would occur with the increase in SRT (121). Another
problem associated with a shorter SRT is poor sludge settleability. Evidence shows that the
optimum SRT for EBPR should be around 10 days, leading to the maximum nutrient removal
efficiencies and minimum SVI (67, 103, 122-125). It is clear that biological system should
not be operated at SRT in excess of that required for overall COD, N, and P removal.
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