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Biological models and microbial populations involved in phosphate removal from
wastewater are reviewed and compared. After a brief presentation of the main “side
stream” and “full stream” processes nowadays employed for this purpose, bench-scale
experimental data obtained with innovations of well-accepted schemes of this technal-
ogy, are presented and discussed. In particular, the effect of alternating anaerobic and
aerobic phases in the presence of sludge enriched with Acinefobacter calcoaceticus is in-
vestigated, either in CSTR or in sequencing batch reactor. Up to about 75 mg I, the
removal yield in CSTR ranged between 95 and 99%, with negligible dependence on the
fact that aerobic or anaerobic conditions were tested, while, over this threshold, effi-
ciency sharply fell after 10 days of continuous working, thus proving the inability of
poly-P bacteria to face P overloads. Phosphate uptake in sequencing batch reactor was
quicker and more effective at higher rather than at lower COD /X, values, thereby sug-
gesting that the “Sequencing batch” process might allow satisfactory results only un-
der conditions of excess substrate. Finally, preliminary results on phosphate removal
by aerohic sludge enriched with A. lwoffi, without resorting to any preliminary anaero-
bic stage, are evaluated from the viewpoint of a possible application on real scale. A
lwoffi behaved as a poly-P bacterium without the necessity of resorting to intermediate
anaerobiosis. Experiments in CSTR under aercbic conditions allowed phosphate re-
movals ranging from 65 to 80%, depending on the sludge retention time.
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Introduction polyphosphate energy, it has recently been devel-
oped the hypothesis that the main role of the an-
aerobic phase would be, besides supplying volatile
acids, the creation of a selective pressure against

the other heterotrophic bacteria’.

Srinath et al., observing in 1959 that phos-
phate uptake was stimulated by aeration of acti-
vated sludge and inhibited by toxic substances?,
were the first to suspect the biological nature of

phosphate removal in water works. Subsequently, The present knowledge on poly-P bacteria mi-

it was demonstrated that phosphate is released
under anaerobic conditions, whereas the following
uptake under aercbic conditions is favoured by
wastewater addition?.

Already in 1966 Harold® thought that stress
conditions rather than oxygen supply or redox po-
tential could be at the basis of excess phosphate
uptake by aerated sludge (“overplus accumula-
tion” or “luxury uptake”). About ten vears later
Fuhs and Chen postulated that bacteria belonging
to the genus Acinetobacter, capable to accumu-
late large amounts of both polyphosphate and
poly(hydroxybutyrate) (PHB), could be the most
important agents of aerobic polyphosphate accu-
mulation®, provided that a preliminary fermenta-
tive anaerobic phase would be able to supply them
with volatile acids as carbon source®S.

Following the observation that substrate
might be stored as PHB by aerobic poly-P organ-
isms under anaerobic conditions utilising the

*To whom the correspondence should be addressed.

crobiology allows to propose the general metaholic
models depicted in Figure 1. Under anaerobic con-
ditions (Figure la), the poly-P bacteria enzymati-
cally hydrolyse polyphosphate and release phos-
phate®; the energy produced, temporarily stored
as ATP, is used to uptake volatile acids, which
are thereby reduced to poly(hvdroxyalkanoates)
(PHA), utilising the reducing power from the oxi-
dation of glycogen to PHA®. In the absence of sub-
strate, but in the presence of electron acceptors
like oxygen (aerobic conditions) or nitrates (anoxic
conditions), PHA is metabolised not only to sup-
port the growth, but also to produce the energy
required to restore both polyphosphate and glyco-
gen pools (Figure 1b). Finally, if the carbon source
(volatile acids) and an electron acceptor are both
available (Figure 1c), substrate is preferably accu-
mulated as PHA utilising the energy from
polyphosphate hydrolysis, rather than used for
the growth®, thereby following the typical behav-
iour of microorganisms subject to substrate deple-
tion regime!l.
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o) AcOH

Red Ox

Fig. 1 — Metabolic alternatives in poly-P bacteria: a)
anaerobic conditions; b) aerobic or anoxic
conditions in the absence of carbon source;
¢) aerobic or anoxie conditions in the pres-
ence of carbon source. Legend: AcOH = ace-
tic acid; ATP = adenosine triphosphate; Gly
= glycogen; FADH, NADH = reduced
forms of coenzymes; Ox: electron acceplor
like Oy or NOs; PHA = poly(hydroxyalka-
noates); P; = orthophosphate; poly-P = poly-
phosphate; Red: H;0 or N,

BPR process configurations

The wide variety of BPR processes described
in the literature, all deriving from the activated
sludge process and implying remarkable cost sav-
ings with respect to chemical precipitation, can
basically be grouped into two main categories:
“full stream” processes, where the total waste-

water flow rate is submitted to anaerobiosis, and
“side stream” processes, where only a part of it is
treated in this way.

Full stream processes for phosphate
removal

The so-called “A/O process”, nowadays widely
used in the U.S.A., is the simplest type of full bio-
logical process for the sole phosphate removal,
consisting in a series of anaerobic tanks followed
by a series of aercbic tanks (Figure 2a). In the for-
mer, volatile acids are stored within the cells of
poly-P bacteria in the reduced form of PHB, at the
expense of polyphosphate hydrolysis and glycogen
oxidation, with no need of external electron accep-
tors. In the latter, the substrate shortage allows
only poly-P bacteria to grow at the expense of
PHB and to accumulate polyphosphate, thus caus-
ing a net phosphate removal. Using a sludge age
of 2-6 d, a hydraulic retention time of 1.0-3.5h in
the aerobic compartment and 0.5-1.5 h in the
anaerocbic one and a recycle ratio of 0.25-0.40,
loads comparable with those of conventional acti-
vated sludge plants can be applied (0.2-0.7 kgzqp
kgyrss™ d1). The most interesting installations of
this scheme are those of Largo, Pontiac, and York
River in the U.S.A. and those of Ruhleben and
Marienfelde in Germany, which showed removal
efficiencies ranging from 75 to 91%, according to
the nitrate levels in the influent’?.

Also the “Rotanox process”, realized by Best
et al. for phosphate removal in the existing waste-
water treatment plant of Basingstocke (UK), is de-
rived from the conventional activated sludge pro-
cess. A restricted anaerobic contact zone was set
up in the anoxic tank for nitrogen removal with
the aim of ensuring, at high loads. the necessary
anaerobic conditions. Removal efficiencies of 41,
76, and 95% were observed for phosphate, nitro-
gen, and BOD removals, respectively'Z

The “Sequencing-batch process” simply con-
sists of successive batch treatment operations, each
including the following phases: a) wastewater feed-
ing of a reactor containing the sludge, b) unaerated
(anaerobic) mixing, ¢) aerated (aerobic) mixing, d)
sludge settling and e) effluent discharge®®. No less
than two parallel reactors working with alternate
phases are obviously necessary to face the dead time
between successive batch runs. Phosphate, nitro-
gen, and BOD removal efficiencies of 86, 25, and
956% were obtained in the pilot plant of Culver, us-
ing a total cycle time of nearly 5 h and loads of
0.16-0.42 kgpop kgypast dH 2

The “Alternate process”, which is mainly
used in Denmark, consists of an adaptation to
phosphate removal of existing plants for nitrifica-
tion/denitrification'*. The plant works cyclically in
order to allow alternate aerobic/anaerobic condi-
tions in two interconnected tanks, with a ratio of
respective terms ranging from 0.5 to 5.0. The for-
mer reactor, which is fed with a mixed liquor rich
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in nitrates, acts sequentially as anoxic and anaer-
obic tank. After this sequence, it is aerated for 30
min to favour the uptake of phosphate by Acineto-
bacter sp., while the latter is fed under anoxic con-
ditions. Residence time of 2 h for the anaerobic
phase and at least of 0.5 h in the aerobic one and
quite low loads (0.04-0.12 kgpop kgypes™ d7) are
consistent with phosphate removals sometimes
higher than 90%. The upgraded wastewater from
both reactors is finally settled.

Side-stream processes

In these processes, the recycle of only a part
of the mixed liquor into the so-called “stripper”
has the aim to increase the residence time of the
anaerobic phase with respect to full-stream pro-
cesses, 50 as to enhance phosphate release and to
ensure a more efficient overplus accumulation in
the aercbic tank. In case the polluted wastewater
is characterised by a very low COD/phosphate ra-
tio or when using very long sludge ages to support
denitrification, biomass growth is insufficient to
sustain polyphosphate accumulation, and thus
chemical precipitation is needed (combined biolog-
ical/chemical processes).

In the “Phostrip process”*?, which is the only
“side-stream” application on real scale, a part of
the settled sludge coming from the aerobic tank,
corresponding to 20-50% of the overall flow rate,
is recycled into the anaerobic stripper where phos-
phate release is stimulated by acetate or waste-
water addition (Figure 2h). A sludge retention
time in the stripper of 5-20 h and a hydraulic resi-
dence time in the aerobic tank of 1-10 h are nec-
essary to ensure satisfactory results. After sludge
separation, phosphate present in the supernatant
is removed in a separate reactor by precipitation
at pH 9.0-9.5 with lime'®, whose consumption
(100-300 mg 1*) depends on the alkalinity.

All the main real scale applications were done
in the US.A' and consisted in adaptations of
pre-existing activated sludge or nitrification plants
treating influent flow rates varying from 3,400 to
114,000 m® d- (Seneca Falls, Landscale, Adrian,
Savage, Southtowns, and Reno-Sparks). Removal
efficiency ranged from 74 to 91%, depending on the
stripper and the chemieal reactor performances.

Combined removal of phosphate
and nitrogen

Although these systems, all derived from the
“Bardenpho” scheme proposed by Barnard in
197318, are out of the purposes of this study, it is
necessary to remember, at least, that the adverse
effect of nitrate on bioclogical removal of phos-
phatel® suggested that denitrification competes
with this process for the same substrate, however
it requires longer sludge ages.

The simplest scheme for the combined phos-
phate and nitrogen removal is the so-called “Pho-

a) I i E
x ¥ AN AE /
RS s ES

b)

I E
x ¥ AE —>\ /;'
s v
RS
cr b | ES
4————] AN . »
c)
I Y /S E
I [ | /
3 ™ AN ij\ > ax ™ AE |
i
R i
5
RS ES
d)
1 E
T AN ar ax |' AE »

Fig. 2 — Flow sheets of the main BPE processes: a)
“A/Q process”; b) “Phostrip process”™; ¢}
“Phoredox process” with nitrification/de-
nitrification; d) “UCT process”. Legend:
AE = qerobic tank; AN = anaerobic fank;
AX = anoxic tank; CP = chemical precipita-
tion; E = effluent; ES = excess sludge; I =
influent; IR = internal recirculation; RS =
return sludge; S = settler.

redox process”, which consists of a pre-denitrifi-
cation reactor followed by an aerobic tank and
preceded by an anaerobic reactor for phosphate
release (Figure 2¢). Phosphate, nitrogen, and BOD
removals higher than 90% were reported at sludge
ages of 22-25 d for a 23,000 m® d! flow rate®.

A modification of the last scheme has recently
been set up in the University of Cape Town
(“UCT process”) to prevent the negative effect of
high nitrate levels on phosphate release in the an-
aerobic tank®l; it consists of partially recycling
into the anoxic denitrification stage, both settled
aerobic sludge rich in nitrates and mixed liquor
from the aerobic compartment, as well as of trans-
ferring the denitrified sludge into the anaerobic
reactor (Figure 2d).

Materials and methods

The different bench-scale apparatuses used
for biological phosphate removal were previously
described in detail’®?*23, Batch tests were car-
ried out at 20 = 0.1 °C and pH 6.5 = 0.1 in 200
ml-Erlenmeyer flasks containing 5 g I of acti-
vated sludge enriched with Acinetobacter calcoa-
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ceticus. Continuous tests were performed under
the same conditions using a synthetic sewage.
When the “A/O process” was selected, a 3.2
1-CSTR and a 4.0 l-rectangular vessel, respectively
used as anaerobic and aerobic compartments,
were connected with a 1.2 l-glass cylindrical set-
tler, so as to ensure a residence time of 6 h in both
compartments and of 2.5 h in the settler with a
sludge recycle ratio of 0.1. The “Alternate pro-
cess” was simulated at the same residence times
alternating anaerobiosis and aerobiosis of short
duration in a single 6.0 I-CSTR, so as to ensure an
overall cycle term of 24 h. The same reactor, regu-
lated at working volume of 2.0 1, was used as aer-
ated vessel or as “Sequencing batch” reactor; in
the latter case, anaerobic phases of 6 h were fol-
lowed by aerobic phases of 18 h during each cycle.

Batch and continuous tests in the “A/O pro-
cess” and “Alternate process” were done, using
a synthetic sewage containing, besides salts, 257
mg 11 acetic acid, 40 mg ! sodium propionate, 40
mg I"* glucose, 100 mg I! peptone, 20 mg 1™ yeast
extract, and 44440 mg I'! KH,PO,, correspond-
ing to P concentrations of 10-100 mg 1'%, Some-
times glucose was used as sole C source for com-
parisons.

Standard methods® were used to determine
COD, phosphate, and suspended solids concentra-
tions.

Resulis and discussion

Batch tests

Batch tests at relatively low starting COD
(257 mg I!) show, during the preliminary anaero-
bic phase, an increase in phosphate concentration
in the medium as well as a COD reduction of
about 200% and 70%, respectively, while the suc-
cessive aerobic conditions are not able to ensure
either satisfactory overplus accumulation or com-
plete COD removal (Table 1). Although the anaer-

Table 1 - Results of batch phosphate removal tests

COD, = 257 mg 1! COD; = 842 mg I*

Conditions Anae m“!Aerobic- Anaero- Aerobic
bic 5 bic
0 24 48 0 24 48

COD/mg I'' 2570 824 437 842 314 181

Yeon/- - 068 083 - 063 0.78
P/mg 1™ 48 153 4.0 92 152 3.6
Y ol - -219 +017 - -0.65 +0.61
SS/g I 1.9 1.5 1.5 1.0 12 15

0 h = start of the anaerobic phase; 24 h = end of the anaerobic and

start of the aerobic phases; 48 h = end of the aerobic phase.
*Negative values refer to phosphate release.

obic release seems to be inhibited by a starting
COD increase up to 842 mg 1%, aerobic phosphate
uptake is notably improved exceeding 60%, while
COD consumption keeps nearly the same.

Additional batch tests were performed under
microaerophilic conditions using sludge accli-
mated at 20 °C to check the influence of tempera-
ture changes (from 5 to 35 °C), like those taking
place in open water works, on phosphate uptake.
The results listed in Table 2 show that sludge is
able to face quickly increases of 10-15 °C, with
respect to the acclimation temperature (20 °C),
ensuring removal yvields higher than 60% within
70-140 h; on the other hand, decreases in temper-
ature are responsible for intermediate phosphate
release after about 50 h, which remarkably delays
the achievements of both new acclimation and
maximum final removal vyield (about 60%). It
should also be noticed that the greater the tem-
perature fall, the stronger its negative effect,
which means that the amount of phosphate re-
leased is higher.

Table 2 - Effect of temperature changes on the
sludge ability to retain polyphosphate. P

=36mgl-

TPC | 5 15 25 30 | 35
P/mg I'! 14 13 13 13 13
Yo/~ 060 062 0.4 063  0.62
P__/mg " 140 100 78 36 36
t..J/h 48 55 48 0 0

P, = final phosphorus concentration in the medium; ¥, = yield
of phosphorus uptake; P, = maximum phosphorus concen-
tration in the medium; ¢___ = time at which P___is obtained.

Continuous tests according to the
“A/O process”

During the start-up operation of the “A/O
process”, performed feeding a 10 mgp 1" synthetic
sewage at residence time of 1.4 d, remarkable os-
cillations in phosphate removal yield (0.6-0.9)
were observed, whereas COD consumption stabi-
lised at a yield of about 85% within the first week.
These preliminary tests showed that the best
sludge acclimation is obtained in continuous
rather than in batch mode and that the best COD
of the feed is around 500 mg 1. In addition, the
abundant presence in the sludge of A. calcoaceti-
cus, Pseudomonas paucimobilis, and Cryseomonas
luteola, that were likely responsible for the ob-
served difficult sludge settling, has been demon-
strated.

Since the above oscillations in phosphate re-
moval were also observed after the achievement of
pseudo-stationary conditions, it is likely that the
physical separation of aerobic and anaerobic popu-
lations interferes with their normal interplay.
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The results of these tests, carried out at resi-
dence times of 0.60 and 0.75 d in the anaerobic
and aerobic compartments, respectively, well com-
pare with those reported in the literature for simi-
lar systems: COD and phosphorus levels in the ef-
fluent were 30 mg I"! and 1-2 mg I}, correspond-
ing to respective average COD and phosphate re-
moval yields of about 90% and 85%, while excess
sludge production was 1.6 ggo d™\.

Continuous tests according to the
“Alternate process”

The “Alternate process” start-up was per-
formed submitting the sludge to alternate anaero-
bic/aerobic conditions at residence time of 1.43 d.
This mode of operation strongly reduced the time
necessary to reach steady-state conditions, elimi-
nated the above oscillations, prevented the sus-
pended solid decrease below a critical threshold,
and allowed to achieve phosphate removal yields
of about 90%, which means that the necessary in-
terplay between anaercbic and aerohic popula-
tions is better established when they are simulta-
neously present. A progressive enrichment of
sludge with poly-P bacteria was also detected.

After the achievement of steady state, a syn-
thetic sewage containing 8-10 mgp 1! was contin-
uously fed into the reactor, using a ratio of 0.6 be-
tween the terms of aerobic and anaerobic phases
as well as an overall cyele time of 24 h. These tests
allowed to check the performance of a system, like
that under consideration. which is expected to al-
low remarkable cost savings. not only because of
the elimination of the aerobic tank but also be-
cause of the reduced total aeration time. In addi-
tion, the use of a single vessel was also probably
responsible for the ohserved peculiar absence of
anaerobic phosphate release and of the practically
constant phosphate uptake (about 90%), which
did not seem to depend appreciably on the oxygen
availability (Figure 3). This strange behaviour can
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Fig. 3 - Experimental results of continuous remou-
als of phosphate and COD through the “Al-
ternate process”. P; = 8-10 mgll; COD; =
150445 mg/l. Aerobic conditions (@) Yp; (B)
Ycop Anaerobic conditions: (O) Yp; (Q)
Ycop

be ascribed to the occurrence of a pseudo-steady
state under which anaerobic and aerobic popula-
tions, which are simultaneously present, interact
in such a way that phosphate is uptaken as soon
as it is released.

The results of tests carried out using sewage
containing increasing levels of phosphorus (Fig-
ure 4) show that, up to about 75 mg 17, the re-
moval yield ranged between 95 and 99%, with
negligible dependence on the fact that aercbic or
anaerobic conditions were tested, while, over this
threshold, efficiency sharply fell after 10 days of
continuous working, thus proving the inability
of poly-P bacteria to face P overloads. Compa-
rable results were obtained using different single
carbon sources (glucose, acetate, and propio-
nate).

0.8
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Phosphate removal yield
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Fig. 4 - Effect of the phosphorus concentration in the
feed on the yield of phosphate removal through
the “Alternate process”, under steady state
conditions. (@) Aerobic phase; (O) Anaerobic
phase.

Phosphate uptake tests according to the
“Sequencing batch” scheme

“Sequencing batch” tests were carried out by
alternating anaerobic and aerobic conditions of
about 6 and 18 h, respectively. The ratio between
starting COD and biomass concentrations was
varied between 0.36 and 4.6 in order to evaluate
the minimum threshold (CODy/X, = 0.5) below
which the peculiar advantages associable to low
values of this parameter (stability of population
composition, excellent removal yield, and poor
sludge production) are completely vanished by in-
hibition of biomass growth to an extent unsuitable
to sustain the process.

The values listed in Table 3 point out how
the growth yield (Y;) progressively decreases
with decreasing the above ratio, because of the
progressive cell activity reduction provoked by
substrate shortage. At COD/X, = 0.36 the growth
is practically stopped, which is consistent with
the nearly negligible COD consumption rate nec-




174 A CONVERTI et al., Phosphate biclogical removal, Chern. Biochem. Eng. Q. 13 (4) 169-175 (1999}

Table 3 - Effect of CODyX, ratio on the main kinetic and
yield parameters of the “Sequencing batch” pro-
Cess

CODyX,| | Yo | Yoo ! ttue |\ e | e
Phase : : :
{Eonp/Bss) -, - b | Zcop Be h! mge gt b
4.6  Anaerobic 0.78 0.40 0.117 0.270 -6.83
Aercbic  0.50 0.38 0.022 0.086 +4.79

18 Anaerobic 0.48 0.41 0083 0.121 -
Aerchic  0.40 042 0.020 0.042 -

0.8  Anaerobic 0.19 042 0.033 0.042 -

Aerobic 0.14 039 - 0.013 -
0.5 Anaerchie 0.14 0.38 0.030 0.02% ~-2.43

Aerobic 0.01 043 0.018 0.013 +1.02
0.36  Anaerobic 0 0.25 0.000 0.015 - 1.66

Aerobic 0 0.31 0.000 0.006 +0.37

Y, = yield of grewth; ¥, = vield of COD consumption; p¢ = maxi-
mum specific growth rate; rogn = specific rate of COD consumption;
r, = specific rate of phosphate release (-} or uptake (+).

essary for maintenance requirements. In addi-
tion, contrary to any expectation, the values of
Y; and of the maximum specific growth rate
(4,0 are always higher under anaerobic rather
than under aerobic conditions, which is probably
due to an excess oxygen shock suffered by
fermentative bacteria responsible for the produc-
tion of substrates directly metabolisable by poly-P
bacteria.

Finally, phosphate uptake is quicker and
more effective at higher rather than at lower
CODyX, values, thereby suggesting that the “Se-
quencing batch” process might allow satisfactory
results only under conditions of excess substrate.
At CODyX, = 0.36 phosphate is even released
rather than uptaken.

Phosphate removal in aerated stirred
tank reactor

It has been demonstrated in recent studies
that when activated sludge enriched with Acineto-
bacter calcoaceticus var. lwoffi, commaonly called
A, lwoffi, is submitted to alternate anaerobic/aero-
bic conditions, phosphate uptake beyond meta-
bolic needs and nearly complete COD removal
take place during the aerobic phase, without any
appreciable intermediate phosphate release dur-
ing the anaerobic phase®?. On the basis of the
new findings on the role of the anaerobic phase, it
appears, that contrary to what happens in other
poly-P bacteria, A. lwoffi does not require this
phase to compete favourably with the hetero-
trophic population.

Although, metabolic mechanisms in this
strain are not yet clearly defined, its ability {o re-
move phosphate under exclusive aerobic condi-
tions has been checked by a series of aerobic
tests whose main results are compared in Table 4
with those obtained under alternate anaero-
bic/aerobic conditions. While COD removal is
nearly the same in both series, phosphorus up-
take beyond metaholic needs (0.015 gp ggg) is
remarkably higher under exclusively aerobic con-
ditions. This result together with the observation
of very high P contents of cells (3-11%) prove the
capacity of A, lwoffi to behave as a poly-P bac-
terium without the necessity of resorting to in-
termediate anaerobiosis as well as the possibility
of using it to emphasise the removal ability of ac-
tivated sludge. Successively, experiments in
CSTR allowed phosphate removals ranging from
65 to 80%, depending on the sludge retention
time.

Tahle 4 — Comparison of the resulis obtained from baich
tests of phosphate removal carried out under of-
ternate anacrobiciaerobic and exclusively aerobic
conditions. Carbon source: sodium acetate

Conditions| ¥Yepp'- Yy~ i%p.:’gp 100 got| Vi~ | Yooo/fe Sss

Alternate 0.90-0.95 0.55-0.65 9.0 0.aa-0.60  0.051
Aerobie 0.54 0.74 11.0 - 0.096

Yoop = ¥ield of COD consumption; Y, = yield of phosphate uptake;
%p = phosphorus conient of cells; ¥, = yield of nitrogen remaval;
Ypue = yield of phosphorus uptaken per gram of biomass.

Conclusions

The results obtained in bench-scale appara-
tuses simulating innovations of well-accepted
schemes for bhiological phosphate removal demon-
strate that enriching activated sludge with poly-P
bacteria is in general an optimal criterion to ac-
celerate start-up of continuous operation. Al-
though A. calecoaceticus allows better removal
vields than A. Iwoffi, it requires preliminary an-
aerchic conditions and intermediate release to
emphasise the successive aerobic uptake of phos-
phate.

Notwithstanding the significant differences
showed by these strains naturally present in acti-
vated sludge, obviously implying quite different
operational modes, the satisfactory removal yields
obtained by continuocus operation (even > 90% in
the former and 65-80% in the latter case) suggest
that. this bio-technique could already be mature to
compete effectively with the traditional chemical
precipitation, if only little addition and/or im-
provement would be made in the existing
wastewater treatment plants.
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