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A proposed chemical mechanism for biological phosphate
removal in activated sludge treatment of wastewater

DC van der Post and CF Schutte*
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Abstract

This paper presents an alternative for the “all biological” phosphate removal model. It is postulated that a chemical substance in
wastewater reacts with orthophosphate under anaerobic conditions to make the so-called luxury uptake of phosphorus possible in
biological nutrient removal (BNR) activated sludge plants. Experimental evidence indicates that the reaction product, an organic
phosphate, is the phosphate species that is taken up by organisms in the process of biological phosphate removal. The research
on which this paper is based, forms part of a Ph.D. study and further research to confirm the initial observations and to identify
the chemical agent involved in biological phosphorus removal is continuing.
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Introduction

Biological phosphate removal in activated sludge processes was
first reported by Levin et al. (1972), Barnard (1974) and Fuhs and
Chen (1975), amongst others. Since then extensive research by a
great number of people has led to the generally accepted model of
phosphate uptake in activated sludge processes designed for bio-
logical phosphate removal. An up-to-date account of this is given
by Grady et al. (1999).

Explanations had been offered for excess phosphate removal,
e.g. that activated sludge organisms, especially Acinetobacter,
could use stored energy in the form of poly-phosphate while
passing through an aerobic zone (Nicholls and Osborne, 1979).
Gerber et al. (1986), in laboratory experiments, demonstrated the
role of acetates and other short-chain carbon compounds in bio-
logical phosphate removal processes.

Knowledge of the biological as well as biochemical aspects of
phosphate uptake is fundamental for a thorough understanding of
this complicated process. However, there appears to be something
lacking in the model for biological phosphate removal. Terms such
as “luxurious phosphate uptake” and “excess phosphate removal”,
which are used in the present context, appear to indicate that there
is some kind of contradiction in the existing model. In this respect,
the following comment is noteworthy: “A nutrient removal plant is
a complex system in which the different system elements, processes
and compounds often exhibit interaction in a complex manner;
resolution of one problem may bring into focus, or create, another
problem - it is most unlikely that a ‘final’ solution will ever be
attained” (Wentzel et al., 1991).

In the present study evidence was found of the role of an
unidentified organic substance X in sewage effluent that apparently
has gone unnoticed to date because there is no mention of it in the
literature. The substance in question could exist in a reduced state

under conditions of low redox potential (-30 mV) or in an oxidised
state under conditions of relatively high redox potential (+40 mV).
The presence of the oxidised organic substance X can be demon-
strated in effluents such as trickling filter effluent. When a sample
is acidified by adding 10% H2SO4 and KI solution in the presence
of X, iodine is liberated which could be titrated with 0,025 N
Na2S2O3, using starch as indicator. Control samples of trickling
filter influent liberate no iodine when treated in a similar way, even
when nitrate is added to obtain approximately the same NO3–N
concentration as is present in the trickling filter effluent.

X can also be produced chemically in settled sewage. When
settled sewage, after addition of 10 mg/l NO3–N, is left in contact
with Fe granules, formation of X can be demonstrated after about
1 h. A similar result is obtained when 1% (v/v) saturated HgCl2 is
added to settled sewage in order to prevent any biological activity.

Without elaborating on the proposed chemical mechanism at
this stage, it should be pointed out that formation of X is accompa-
nied by a reduction of nitrate to ammonia. It appears that Fe metal
in this case acts as catalyst for the chemical reduction of nitrate to
ammonia by a yet-to-be-identified substance in sewage effluent,
which itself is oxidised in the process.

Proposed chemical model for the role of X in
biological phosphate removal

Progress with identification of X is in an advanced stage and will
be reported at a later date. For the present the different oxidation
states of X will be indicated by Xox and Xred. It is postulated that X
in sewage effluent is involved in a chemical reaction with dissolved
orthophosphate in the anaerobic stage of the activated sludge
process. Under low redox conditions such as those that exist in the
anaerobic zone, the oxidation state of X could be indicated as Xred
and the resulting reaction product with orthophosphate, as X3PO4.
The formation of X3PO4 is considered a prerequisite for phosphate
uptake in the biological phosphate removal process. In the case of
the oxidised state, i.e. Xox, no reaction with dissolved orthophos-
phate would be possible.

The laboratory tests discussed below were performed in an
attempt to demonstrate the proposed chemical mechanism.
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Laboratory tests

Batch activated sludge tests

The purpose of these tests was to compare phosphate removal
under conditions that would promote formation of X3PO4 with
phosphate removal under conditions that would obstruct formation
of X3PO4. A prerequisite was that tests had to be done in such a
manner that the normal functioning of the organisms responsible
for phosphate removal would not be detrimentally affected in any
way during the experiments.

Gerber et al. (1986) used batch activated sludge tests to
demonstrate the role that acetate and similar short-chain carbon
compounds play in biological phosphate removal. In a similar vein
batch tests were used in the present study to demonstrate a chemical
“link” in the process of biological phosphate removal.

To demonstrate this mechanism, the batch tests had to be
performed in such a way that the oxidation state of X could be
altered from the reduced state to the oxidised state without affecting
the phosphate-removing organisms. This was achieved by first
separating the sludge from the liquid, then altering the oxidation
state of X in the liquid phase and finally, adding the sludge back to
the liquid phase again. All relevant factors with respect to the
organisms remained unchanged, except for the oxidation state of X
that was changed from the reduced to the oxidised state.

Having established that redox reactions that take place in
sewage treatment, e.g. in trickling filters, could be simulated by
chemical means, it was possible to demonstrate the significance of
these reactions in the biological phosphate removal process. The
reasoning was that anaerobic conditions would result in the forma-
tion of Xred. If this reaction could be reversed by using Fe metal as
explained before, it would be possible to establish the significance
of the Xred ↔ Xox system in the biological phosphate removal
process. The assumption was that Xred

 (reduced state) is essential for
biological phosphate removal and if this is changed to Xox (oxidised
state) it would obstruct biological phosphate removal.

The redox reactions could be represented as follows:

Anaerobic conditions: Xox →  Xred
Aerobic conditions: Xred → Xox

Laboratory procedures

The main objective of the experiments was to change the oxidation
state of X from Xred in mixed liquor to Xox, without changing any of
the other variables that are favourable for biological phosphate
uptake. To achieve this it was necessary to separate the solids and
the liquid of activated sludge samples. A 10 l sample of mixed
liquor was taken from the anaerobic basin of the Daspoort, Pretoria
activated sludge plant. An aliquot of 500 ml at a time was filtered
through Whatman No. 41 filter paper. A volume of about 480 ml
filtrate was obtained, i.e. approximately 20 ml liquid was retained
by the sludge on the filter paper. The filtrate was transferred to a 500
ml glass beaker. The filter paper with the sludge was then added to
the contents of the glass beaker and the oxidation state of the liquid
manipulated as explained further on, the filter paper was manoeu-
vred with the aid of a spatula until the sludge was freed completely
and the filter paper was removed from the beaker. In the case of the
controls exactly the same procedure was followed as for the tests,
except that the filtrate was not subjected to contact with Fe metal.
Therefore in the case of the controls the filter paper with the sludge
was added immediately to the contents of the glass beaker.

The sludge and the liquid were properly mixed by stirring,

dissolved NaH2PO4 was added to bring the total dissolved ortho-
phosphate concentration in the mixture to around 70 mg/l PO4–P.
The mixture was again stirred properly and approximately 200 ml
was immediately transferred to a polythene container, measuring
50 mm in diameter and 150 mm in height. The mixture in the
container was aerated with an air pump of about 80 l/h capacity for
6 h. The rest of the mixture in the glass beaker was filtered without
delay. The filtrate was labelled Ai. After 6 h aeration, the mixture
in the polythene container was immediately filtered and the filtrate
labelled Af. The dissolved orthophosphate concentration in filtrate
Ai and Af respectively was determined and recorded. This was used
as the first of three controls in every experiment. (The whole
procedure was carried out for controls and tests alike so that there
would be no difference in this respect, which could perhaps have
an influence on the results obtained).

The next step was done in exactly the same way with the
following variation: After about 600 ml mixed liquor was filtered,
KNO3 was added to the filtrate to bring the NO3–N concentration
in the filtrate to a level of 20 mg/l N maximum. The filtrate was then
left in contact with Fe metal (as catalyst) in 200 ml flat glass bottles
with screw caps for 24 h. Each bottle contained approximately
50 g Fe metal granules, measuring about 1 mm to 2 mm in diameter.
After 24 h contact time the contents of the glass bottles was
decanted into a 500 ml glass beaker, leaving the Fe granules behind.
Another volume of 500 ml mixed liquor of the 10 l sample was
filtered. When filtration was complete, the filter paper with the
sludge retained from the mixed liquor, was transferred to 500 ml
filtrate that had had 24 h Fe metal contact. The sludge was
transferred from the filter paper to the filtrate as was done for the
control test. The filter paper was removed, the sludge and the liquid
were properly mixed by stirring, and NaH2PO4 was added as
described above. The rest was done exactly as for the control and
the filtrates in this case were labelled Di and Df. A second control
test was done, the only difference being that 20 mg /l NO3–N was
added to the sample of mixed liquor.

A third control test was done to verify the influence of Fe
contact. The sample preparation was the same as for the test,
including Fe contact. The variation was that KNO3 was not added.
The control tests for each experiment were as follows:

Control test A, F: No KNO3, no Fe contact;
Control test B, G: KNO3, no Fe contact; and
Control test C, H: No KNO3, Fe contact.

The results are given in Table 1.

Phosphate uptake at different pH levels

As was mentioned above the chemical reaction resulting from
contacting settled sewage with Fe metal in the presence of nitrate,
produces NH3. This, in turn, results in a pH increase of the settled
sewage amounting to about one pH unit. Because a pH increase in
the case of activated sludge substrate could influence phosphate
uptake in the biological phosphate removal process, it was neces-
sary to find out whether this factor was of significance in the
experiments under discussion. For this purpose activated anaero-
bic sludge substrates at pH 7.10 and 8.10 respectively, were tested
for phosphate uptake during aeration. Except for the pH, the
experimental conditions for the two tests were exactly the same.
The results obtained are given in Table 2. Final PO4–P concentra-
tions for the two tests were identical, viz. 4.5 mg/l PO4–P. The
initial PO4-P concentration for the second test was lower (34.0 mg/
l PO4-P) than the first test (40.0 mg/l PO4-P), due to the fact that
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some precipitation of phosphate occurred when pH for the second
test was raised from 7.1 to 8.1 by adding NaOH. However, this is
considered negligible in the present context. A pH increase of 1.0
evidently was not responsible for the drastic decrease in phosphate
uptake as was experienced in the case of the other experiments
(Table 1A and 1B).

Discussion of results from batch activated
sludge tests

The results confirm that Fe contact of the activated sludge filtrate
adversely affected phosphate uptake, i.e. Xox

 was formed which
prevented formation of X3PO4. The longer contact time in this case
(48 h), resulted in a more pronounced effect on phosphate uptake.
The latter amounted to less than 10% as compared to 20 to 30% for
the first experiment. Reasonably good reproducibility was
obtained for control tests. It became clear that the presence of 20
mg/l NO3-N did not harm phosphate uptake, neither did Fe contact
of the filtrate when nitrate was not present.

Phosphate uptake was detrimentally affected by Fe contact
only when nitrate was present in the filtrate. The longer the contact
time was in the presence of nitrate, the more pronounced was the
effect. The reason for this could be explained in terms of X
formation in the filtrate. It was stated earlier that the oxidation state
of the X could be changed by Fe contact of the activated sludge
filtrate. In the anaerobic activated sludge, the X would be present
in its reduced state, i.e. as Xred, while it would be present as Xox, the
oxidised state, after Fe contact.

Preliminary mineral analyses done during this study indicated
the presence of salts like XNO3 and X2SO4 that were formed under
controlled laboratory conditions. It therefore seemed feasible that
formation of X3PO4 could occur in anaerobic activated sludge.
However, X3PO4 present in the mixed liquor would be oxidised
during contact with Fe metal and formation of Xox would result. In

such an event, the X3PO4 would be transformed into Xox plus
ordinary orthophosphate, i.e. Na3PO4. The postulate is that X3PO4
is the phosphate species that is taken up by the organisms in
activated sludge. When X3PO4 reverts back to ordinary orthophos-
phate as a result of Fe metal contact, it would not be suitable for
uptake by the organisms in the activated sludge, and biological
phosphate removal would not take place.

Identification tests for X

The next step in an attempt to provide further evidence to support
the postulate was to isolate the substance that was considered to be
the chemical link in the process of biological phosphate removal,
i.e. X3PO4. Because it was assumed to be an organic substance with
strong polarity, the first option was to extract it with chloroform. A
100 ml sample of activated sludge filtrate was acidified with 5 ml
10% H2SO4 and extracted with 50 ml chloroform in a separating
funnel. After vigorous shaking for 4 min, time was allowed for the
filtrate to separate from the chloroform.

The chloroform was first drained and then the rest was col-
lected in a glass beaker. Orthophosphate was determined in the
filtrate before and after extraction (Table 3). The orthophosphate
concentration decreased by 72%. Next, exactly the same procedure
was followed with distilled water to which orthophosphate was
added. The results in this case showed that orthophosphate concen-
tration decreased by 8% (Table 3). It seemed possible that interfer-
ence by chloroform could have caused this slight decrease. The
decrease of 72% in the case of activated sludge filtrate, however,
appeared to be largely due to a phosphate compound that was
extracted with chloroform.

The above was considered to be a clear indication that a large
fraction of the phosphate present in the activated sludge filtrate was
in fact organic phosphate. The question now was what would
happen to the organic substance when the filtrate was subjected to

TABLE 2
Phosphate uptake: Comparison at different

substrate pH levels

pH Initial Final %
PO4-P mg/lllll PO4-P mg/lllll removal

7.10 40.0 4.5 88.75
8.10 34.0 4.5 86.76

TABLE 1A
Experiment 1: Fe contact 24 h

Initial Final  ∆∆∆∆∆ PO4–P
PO4–P mg/lllll PO4–P mg/lllll mg/lllll

Control A Ai 72 Af 28 44
B Bi 73 Bf 35 38
C Ci 76 Cf 31 45

Test D Di 84 Df 66 18
E Ei 77 Ef 52 25

TABLE 1B
Experiment 2: Fe contact 48 h

Initial Final  ∆∆∆∆∆ PO4–P
PO4–P mg/lllll PO4–P mg/lllll mg/lllll

Control  F Fi 87 Ff 53 34
G Gi 92 Gf 56 36
H Hi 79 Hf 48 31

Test I Ii 96 If 88 8
J Ji 93 Jf Af 100 (7)

PO4–P determination was done according to the ascorbic
acid method  (Standard Methods, 1995).

TABLE 3
Extraction of phosphate compound with chloroform:

PO4–P concentration (mg/lllll)

Action Before After %
extraction extraction decrease

Activated sludge 41.0 11.4 72.2
filtrate

Distilled water 43.8 40.4 7.8
(phosphate added)

Activated sludge 27.8 25.0 10.1
filtrate after Fe
metal contact
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Fe contact as was done in the abovementioned batch experiments.
In a further experiment 500 ml of the activated sludge filtrate was
subjected to Fe contact as described above. After 48 h contact the
filtrate was decanted from the Fe metal granules. Because a small
concentration of Fe oxidation products was present in the filtrate,
it was filtered again. Of the clear filtrate, 100 ml was extracted with
chloroform as before. The PO4–P values obtained on the filtrate
before and after extraction are given in Table 3.

Approximately 10% of the phosphate concentration was re-
moved by extraction in this case. It was obvious that the extractable
phosphate was much less after contact with Fe metal, i.e. 72%
before Fe contact compared to 10% after Fe contact. The reason for
this is believed to be that the chemical composition of the extract-
able portion of phosphate was altered by Fe contact. The extract-
able portion appeared to be the phosphate species that is involved
in phosphate uptake.

Studies to identify X by means of different analytical tech-
niques including GC-MS and others are currently under way and
will be reported at a later stage.

Additional observations on the chemical and
physical characteristics of X

The X can be distilled from an acidified sample of trickling filter
effluent. It was found that 95% of X in a 500 ml sample could be
concentrated in the first 100 ml of distillate. From the distillate the
X could be air-stripped at room temperature (approximately 25°C).
A small column of distillate (25 ml) was air-stripped by using an
aerator of 80 l/h capacity. When the exhaust air from the column
was bubbled through a second column containing 25 ml tap water,
it was found that the X was quantitatively transferred to the tap
water in the second column after just more than 1 h. The boiling
point of the X evidently is below 25°C and at room temperature it
is therefore present in a gaseous state.

Conclusions

The tests described above clearly show that the oxidation state of
X plays a key role in biological phosphate removal as demonstrated
by means of the batch activated sludge tests. Under anaerobic
conditions X was present in the reduced state and this resulted in
a chemical reaction with dissolved orthophosphate and the forma-
tion of X3PO4. The latter is believed to represent that portion of
orthophosphate that is extractable with chloroform. It is also
considered to be the phosphate species that is required for biologi-

cal phosphate uptake. When X3PO4 is transformed by means of
contacting it with Fe metal, phosphate uptake proved to be poor or
non-existent. It is postulated that X3PO4 was changed to ordinary
orthophosphate, i.e. Na3PO4, in the oxidation process, thus render-
ing it unsuitable for biological phosphate uptake.

The ascorbic acid method that was used to determine phosphate
concentration does not distinguish between X3PO4 and ordinary
orthophosphate. The only way to distinguish between the phos-
phate species (species that are suitable for biological phosphate
uptake and the other orthophosphate species) is the fact that the
former could be extracted with chloroform.

From the observations and initial laboratory tests the conclu-
sion is made that biological phosphate removal operates in tandem
with a chemical mechanism. The chemical reaction is responsible
for the formation of an organic phosphate species that is considered
to play the key role in the biological phosphate removal process.
Without the formation of the yet-to-be-identified phosphate spe-
cies, biological phosphate removal cannot take place. In other
words, when the phosphate is not attached to the organic substance,
there simply is no luxurious uptake or excess removal of phos-
phates, as demonstrated in the laboratory experiments.
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