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Phosphorus removal processes

Phosphorus is an essential macronutrient that spurs the growth of photosynthetic
algae and cyanobacteria, leading to accelerated eutrophication of lakes. Wastewater
discharges that reach lakes sensitive to eutrophication often require phosphorus
removal over and above that normally taking place in primary and secondary
treatment. Conventional primary sedimentation and secondary activated sludge
reduce the effluent total P to about 6 mg/L. However, a typical effluent standard for a
protected watershed is 1 mg P/L. Therefore, additional phosphorus removal is
necessary. Phosphorus can be removed from wastewater prior to biological treatment,
as part of biological treatment, or following biological treatment.

Three phenomena can be exploited to remove phosphorus as part of a microbiological
treatment process:

e Normal phosphorous uptake into biomass
e Precipitation by metal-salts addition to a microbiological process

e Enhanced biological phosphorus uptake into biomass



Biological removal of phosphorus

The biomass that develops normally in an aerobic biological process, such as
activated sludge, contains 2 to 3% P in its dry weight. The stoichiometric formula for
biomass can be modified to include this amount of P. The formula C;H,O,NP,, has a
formula weight of 116 g/mol, of which P is 2.67 percent. Sludge wasted from the
process removes P in proportion to the mass rate of sludge VSS wasted (Q"X,%). A
steady-state mass balance on total P is:

0=QP°—QP-Q"X"(0.0267gP/gVss)

in which P% and P are the influent and effluent total P concentrations, and Q is the
influent flow rate. Above equation can be solved for the effluent total P concentration,

QP° Q"X (0.0267) _ ,, Q"X (0.0267)
Q Q

P=



Biological removal of phosphorus

The rate of sludge wasting is proportional to the BOD removal (ABOD,) and the observed
yield (Y,):
QWXZv :YnQ(ABODL)

The net yield depends on the SRT (9,), the true yield (Y), the endogenous decay rate (b),
and the biodegradable fraction of the new biomass (fd):

VY 1+1- f,)bo,
1+b6,

The relationship describing how the effluent P concentration depends on the influent P
concentration, the BOD, removal, and the SRT:

(0.0267)Y 1+ (- f;)b&, (ABOD, )
1+b6,

0




Biological removal of phosphorus

Effects of SRT and BOD, removal on the effluent P concentration
when the influent P concentration is 10 mg P/L

BOD, removal Effluent PO,-P concentration, mg/L For domestic sewage, which is
mg BOD, /L 3d 6d 15 d 30d best represented by the BOD,
100 9.0 51 o4 ot removal of 300 mg/l,'the'

effluent P concentration is
300 7.0 74 8.1 8.5 well above 1 mg P/I, and the
500 5.0 5.7 6.8 7.5 need for advanced treatment
1,000 0 1.4 3.6 5.1 is obvious.

In many cases, N removal must accompany P removal. Thus, the large SRTs
needed for nitrification reduce sludge wasting and normal P removal.

On the other hand, a wastewater having a low P:BOD, ratio may not require
advanced treatment if the SRT is carefully controlled to keep a low, but
positive P concentration.



Chemical sedimentation of phosphorus

Aluminum and ferric cations precipitate with the orthophosphate anion at pH values
that are compatible with microbiological treatment. Therefore, salts of Al3* or Fe3*
can be added directly to the wastewater as it enters or leaves the bioreactor.
Precipitates form, are incorporated into sludge, and are removed from the system by
sludge wasting.

The key precipitates are AIPO,, and FePO,,. Their standard dissolution reactions
and solubility products (pK. ) are:

AIPO,, = AI¥ + PO} pK_ =21
FePO,,, = Fe™ + PO, pK, =21.91to0 23



Chemical sedimentation of phosphorus

Although the solubility products are very small, the conditional solubility of phosphates
is not necessarily miniscule, because APP*, Fe3*, and PO,3- undergo competing acid/base
and complexation reactions. For phosphate, the key competing reactions are acid/base
ones that result in the formation of protonated species. The acid/base reactions and pKa
values are:

HPOf_ =H" + PO:’_ pK,; =123
H,PO, =H" + HPOf_ pK,,=7.2
H,PO, =H" +H,PO; pK,, =21
At near neutral pH, HPO,* and H,PO,, not PO,*, are the dominant species.

For example, at pH = 7.0, PO,3" comprises about 0.00025 percent of the total
dissolved orthophosphates. Higher pH gives a greater fraction as PO,>" .



Chemical sedimentation of phosphorus

Fe’* +OH™ = FeOH?*"
FeOH?* +OH ™ = Fe(OH);
Fe(OH); +OH ™ = Fe(OH)3
Fe(OH),+OH = Fe(OH),
Al +OH™ = AIOH*"
AIOH?** +OH ™ = AI(OH);
AI(OH); +OH ™ = AI(OH)?
Al(OH), +OH ™ = AI(OH),

pK, =11.8
pK, =10.5
pK, =7.7
pK, =4.4
pK, =9.0
pK, =9.7
pK, =8.3
pK, =6.0

The acid/base nature of the hydroxy
complexes means that the iron or
aluminum speciation is pH dependent.
At neutral pH, the dominant species
are Fe(OH),*, Fe(OH),°, and Al(OH),°.
AlP* and Fe3* are tiny fractions of the
total aluminum and iron. Lower pH is
required to give greater fractions of
Al3* or Fe3*,

Due to the opposing pH trends for the precipitating anion (PO,*) versus the
precipitating cations (AlI** or Fe3*), an optimal pH exists. Based on the
reactions shown above, the pHs of minimum solubility are near 6 for AIPO,,
and near 5 for FePO,,. In principle, stoichiometric additions of the cations
can drive the total phosphate concentration to well below 1 mg P/l near these

optimal pH values.



Chemical sedimentation of phosphorus

Problems:

1. Phosphate forms competing complexes, such as CaHPO,, MgHPO,, and
FeHPO,*. Thus, the fraction of total phosphate that is present as PO, is less
than predicted by acid-base chemistry alone.

2. Aluminum and iron form other complexes, particularly with organic ligands, or
precipitate as Al(OH); ). These reactions reduce the available APP* and Fe?*.

3. Some of the total phosphorus is not orthophosphate, but is tied up in organic
compounds.

4. The optimal pH for precipitation may not be compatible with the optimal
microbiological activity. The pH cannot be changed so much that metabolic
activity is significantly inhibited.

5. The precipitation reaction may be kinetically controlled and not reach its
maximum extent, which occurs at equilibrium.

Typically, the metal-salts dosage is 1.5 to 2.5 times the stoichiometric amount.



Chemical sedimentation of phosphorus

Problems:

An important consideration for metal-salts addition is that the added metals behave as
acids and consume alkalinity as they precipitate with PO,3  or complex with hydroxide.

For low alkalinity waters, pH depression is a major risk. In such cases, a base, such as
lime (Ca0), can be added to supplement the alkalinity. Another alternative is to dose
sodium aluminate (NaAlO,), which dissolves in water to give

AINaO, +2H,0 =Na" + AI(OH ), +OH"~

This dissolution reaction is a net generator of alkalinity: one base equivalent/mol Al.
Another alternative is to dose ferrous iron (Fe?*), which is oxidized to Fe3*in a
reaction that produces 1 base equivalent per mole of Fe?* oxidized:

Fe? +0.250, + 0.5H,0 = Fe* + OH "
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Chemical sedimentation of phosphorus

Problems:

Precipitation of AIPO,, or FePQ,,, creates significant quantities of inorganic
sludge that is retained within the biological process and ultimately wasted.
The stoichiometric production ratios are 3.9 g AIPO,,/g P and 4.9 g FePO, /g
P. For example, removal of 8 mg P/l produces 39 mg FePO4(S)/I of plant flow. If
an activated sludge process has an SRT (J,) of 6 d and a hydraulic reaction
time of 0.25 d (8), the concentration factor (8,/9) is 24, which means the
concentration of FePO,, built up in the mixed liquor is 935 mg/I. Clearly,
phosphate precipitation increases the sludge to be wasted and significantly
enriches it in inorganic solids.
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Enhanced biological removal of
phosphorus

When enhanced biological phosphorus removal is successful, the biomass contains
2 to 5 times the P content of normal biomass.

no _ (0.0801)Y (1+(1- f,)b6,(ABOD,)
1+b6,

The effluent P concentration for a BOD, removal of 300 mg/l and an
influent P concentration of 10 mg/l then becomes 4.2 mg/I for 8, = 15 d
and 2.2 mg/| for 8, = 6 d. These values approach a typical P standard of 1
mg/l. Increased poly P enrichment or a higher BOD,:P ratio in the
influent make the effluent goal achievable.

12



Enhanced biological removal of
phosphorus

1. The influent wastewater and recycle sludge must mix and first enter an
anaerobic bioreactor. Electron acceptors-particularly O, and NO;” must be
excluded to the maximum degree possible so that BOD oxidation is insignificant
in this reactor. Due to the high mixed-liquor biomass level, hydrolysis and
fermentation steps occur, but the electron equivalents in the influent BOD are
not transferred to a terminal electron acceptor.

2. The mixed liquor flows from the anaerobic tank to the main activated sludge
bioreactor or bioreactors. Depending on the system's SRT, nitrification and
denitrification mayor may not occur. Ample electron acceptors are available
through aeration, which directly supplies O, and allows generation of NO; if
nitrification occurs. These electron acceptors make it possible for the
heterotrophic bacteria to oxidize electron donors, gain energy, and grow.

3. The sludge that was most recently in the main bioreactor is wasted to control
the SRT and to remove the biomass when it is enriched in poly P.
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Enhanced biological removal of
phosphorus

4. The mixed liquor exiting the main bioreactor is settled, and most of it is
recycled back to the head of the process, where it mixes with the influent
and enters the anaerobic tank. This recycling ensures that all of the
biomass experiences alternating anaerobic and respiring conditions.

In the past, Bio-P bacteria were identified as belonging to the
genus Acinetobacter. Further research has shown that
Acinetobactor is only one genus of Bio-P bacteria and often is
not the dominant genus. Bio-P bacteria also are found among
the Pseudomonas, Arthrobacter, Nocardia, Beyerinkia,
Ozotobacter, Aeromonas, Microlunatus, Rhodocyclus, and
others.

14



Enhanced biological removal of
phosphorus

Although the biochemical and ecological foundation for enhanced biological
phosphorus removal by Bio-P bacteria now seems to be firmly established, some
evidence supports the concept that chemical precipitation plays a role, at least in
some instances. The main candidate for the solid phase is Ca;(OH)(PO,);), or
hydroxyapatite. Its solubility product is pK,, = 55.9, which suggests that
moderately hard waters could drive the orthophosphate below 1 mg P/I for pH
values greater than about 7.5. Struvite (MgNH,PO,) is another possibility when
Mg?* and NH,* concentrations are elevated. Strong denitrification produces base
that can increase the pH, particularly inside a floc or biofilm, and foster
precipitation of hydroxyapatite or struvite. Very high aeration rates, which strip
CO, from solution, also raise the pH and can foster precipitation of
hydroxyapatite.
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Enhanced biological removal of
phosphorus

Sequencing batch reactors (SBRs) also can be used for enhanced
biological phosphorous removal, as well as nitrogen removal.
Carryover of settled sludge from the previous cycle always
contains some NO;". Once the NO;" is denitrified during an
unaerated fill period, anaerobic conditions can be established
and lead to poly P and PHB cycling.

Biofilm processes can be used for enhanced biological phosphorous removal if
the biofilm is exposed to alternating anaerobic and respiratory periods,
Characteristic responses of phosphate release during the anaerobic phase and
phosphate uptake during the respirator phase occur. Oxygen or NO;™ could be
used as the terminal electron acceptor. Cycle times of around 6 h are workable,
but further research is needed to optimize these processes for N and P removal.
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Teloc Evotntoc



Xpnuotodotnon

To apov ekmaldeUTLKO UALKO €XeL avarmtuxBel oto mAaiolo Tou
ekmaldeuTikol £pyou tou dLbaokovra.

To £pyo «Avoikta Akadnpaika Madnuata oto MNaveniotipio ABnvwv»

EXEL Xpnuatodotioel povo tTnv avadlapopdwaon Tou EKTOLOEUTIKOU
UALKOU.

To €pyo vAomoleital oto mAaiolo Tou Emxelpnotakol Mpoypapupatog
«Ekmaiidevon kot Ata Blou Mabnon» kot cuyxpnuatodoteital omo tnv
Evpwrnaiki Evwon (Evpwrmaiko Kowvwviko Tapeio) kot oo eBvikoug

TTOPOUC.
ENIXEIPHIIAKO MPOTPAMMA
E EKMAIAEYZH KAl AIA BIOY MABHEH 3= EXNA
YNOYPFEIO MAIAEIAL KAl BPHIKEYMATQN \ME

Evpuumaiicé Ko $Tapelo Me tn cuyxpnuartodotnon tng ENMadag kan tng Evpwmaikrg Evwong
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2 NUELWLOTO



2NUelwpa lotoplkovu Ekdooewv Epyou

To apov €pyo amotelel tnv €kdoon 1.0.0.
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>NUElwpo Avadopac

Copyright Navemnotipo Natpwv. AvanAnpwtn¢ Kadnyntng, MuyanA
Kopvapoc. «MeptParlovtikr) Biotexvoloyia». Ekdoon: 1.0. Natpa 2015.
AlaBeoipo amo tn diktuakn dtevBuvon:
https://eclass.upatras.gr/courses/CMNG2145
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>NUelwpa Adelodotnonc

To tapov LALKO StatiBetal pe toug 0poug tne adelac xpnong Creative Commons
Avadopd, Mn Eumopwkn Xprion MNapopota Atavopn 4.0 [1] A petayeveéotepn, AleBvig
‘Ekboon. E&atpolvtal ta autoteAn £pya Tplitwy m.x. pwroypadiec, Staypappata
K.A.TT., TOL OTIOLOL EUTIEPLEXOVTAL OE QLUTO Kall Ta oTtoia avadEpovtal pall e Toug
OpPOUC XPAONC TOoUC 0To «2ZnUeilwpa Xpriong Epywv Tpitwv».

OE0)

[1] http://creativecommons.org/licenses/by-nc-sa/4.0/

Q¢ Mn Epmopkn opiletal n xpnon:

e ToU Sev mepAaPAVEL AUECO 1] EUUECO OLKOVOULKO OdEAOC arod TNV Xpron Tou €pyou, yla
To SlavopEa tou Epyou Kot adelodoxo

e Tou Sev mepAapPavel olkovopLkry cuvaAlayn wc tpolnoBeon yla tn xpron n npoocfaon
OTO £pyo

e Tou bev nmpoomopilel oTto SlavopEa Tou €pyou Kal adelodOX0 ELUECO OLKOVOULKO OPEAOC
(rt.x. Stapnuioelg) arod tnv npoPfoAr Tou €pyou o€ SLASIKTUAKO TOTIO

O SwkatoUxo¢ pmopel va mapexel otov adelodoxo Eexwplotn adela va XpnOLUOTIOLEL TO €pYO YL
EUTTOPLKN Xpron, epocov auto tou {ntnbeL.
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