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ﬂE o/ Importance of phosphorus
"

Phosphorus is a chemical element. Symbol P

ordinal number 15 and has a specific weight of 31 g/mol

Greek pwc-@opoc ,light carrying “, given by the shining of the white
phosphorus in the reaction with oxygen.

P was discovered in 1669 by Hennig Brand, a German pharmacist
and alchemist.

Phosphorus is essential important for all organism.
®» P-compounds are parts of DNA- and RNA-molecules
®»  The phosphorus containing compounds ADP/ATP are
playing and important parts in the energy metabolism of
all cells.
A man with 70 kg contains about 700 g phosphorus,
from which 600 g is bound in the bones
Important nutrient for the growth of plants and essential
fertilizer
Main resources: Morocco, South Africa, Russia, China

and USA
Resource remain only about 300 years
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ﬂé// Eutrophication

Nutrient (mainly N, P) emission

\

Increased algae growth (,,Algae bloom*®)

«

Dead algae settle to the ground

«

Degradation of algae with oxygen consumption

«

Oxygen depression/no O, available anymore

\

Mineralization and setting free of nutrients
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Example of eutrophication in the Baltic Sea

Cyanobacterial blooms in the Baltic Sea
MODIS AQUA 2005-07-11, data from NASA

processed by SMHI

CLEAN BALTICSEA JOHN NURMINEN FOUNDATION JOHN NURMINEN FOUNDATION




ﬂév/v/ Objectives of P-removal

® Prevention of the eutrophication of water bodies especially in:

®» |akes, dammed or tide influenced water bodies, Northern Sea of Baltic Sea
® Factor of minimum for the growth of plants: N : P =7:1.
® C(Classification of lakes:

®» Eutrophic; nutrient rich lakes, in depth about 0-30%,

O,-saturation, only 2 m sight in depth, high production of algae,
tot. P~ 45 - 85 pg/l

® River according the German Surface water ordinance
» 50 ug P/l large rivers in the middle mountain; inlets to the Baltic Sea
=®» 50/100 ug P/l all other rivers

® Limiting value of WWTP in Germany according wastewater ordinance
=®» 10,000 - < 100,000 PE: 2.0 mg P/
» > 100,000 PE: 1.0 mg P/l
®» Special regional restrictions (e.g. Helcom agreement)!
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ﬂév// Situation in Germany
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Some facts of the Baltic Sea
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V// Baltic Sea facts
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1. E /Treatment plant >10,000 PE (Left);
,/ Land cover, catchment area and sub-basins (right)
} of the Baltic Sea

) Landcover

- Evergreen needieleaf forest

- Evergreen broadieaf forest
- Deciduous needleleaf forest

- Deciguous broadleaf forest

B e torest

B Woosiand

[ Wooded grassians

[ ciosec snrubiana

7] open shruttana

[ Grassiang

[ cropland

i [: Bare ground

" B Urban and buit-up areas
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ﬂE,/v/ P-Emission into the baltic sea (2006)
2

Area-specific riverine phosphorus inputs (kg/km?2-Q)

Aera specific P load [ka P/(km
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.'E// Proportion of different sources (in %) contributing to

the phosphorus inputs into the Baltic Sea in 2006.

Matural
I1JEI'|5 ified river load ?Eﬂigmund
Transboundary
lenad
Gy
Total point
source load
20%

Diffuse load
ke

a) Total waterborne phosphorus 28,370 1

Source: Helcom “A)Amo
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Status of the Baltic Sea




.Ié,/y/ Origin and estimation of the specific P-load in

municipal sewage [ing P/ (E-d)]

Metabolism products 1.6 1.6
Washing powder for textiles 225 |0
Household detergents/washing-up liquid 0.75 |0.24
Other P-sources 0.4 0.05
Industry/trade/settlements (as PE) 1.2 1.2
Average Concentration in Germany (mg/l) 14 5.6

Only ortho-phosphate (PO,) (68% of the inlet) can be removed from

the water by precipitation and following particle separation!

Upcoming fraction of organic solved and none solved phosphorus
phosphonate, hardly degradable organic P-compounds from
textile industry and from heat-/power-production |W/\M0

active Water Managemen



ﬂév// Fractions of Phosphours

In the sewage

DWAC

Calculation snrP
pP =TP-sP

snrP = TP —srP — pP
snrP =sP - srP

Membranfilter

(0,45 pm)
TP

(T

osphorus

snrP
(soluted none
eacktive Phosphorgufs)

— SP
(soluted
Phosphorus)

(particle bounded
Phosphorus)

Relation to the analytic

—

—> P-compounds not reactive with flocculants
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IE v/san effluent values of biofilter

Comparison to litrature
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surP fug L]

50 ug/L

50— _ % 1 | | Median effluent filter

(Listringhaus, J., 2016) ﬂl"""



Chemical and biological aspects

Interactive Water Management



ﬂsv// Chemical phosphorus removal
2

Applying metal salts:
—
Me3* + PO,3 = MePO,
Reaction with the coagulant (example iron chloride (FeCl,):
FeCl,-6 H,0 + PO,* = FePO, +3 Cl +6 H,0
Unavoidable by-reaction (Building of (Hydroxide flocs):
FeCl,-6 H,0 + 3H,0 = Fe(OH),+ 3 H*+ 3 ClI'+6 H,0

®» Building of hydroxides requires always an overdosage of coagulant — (3 value
®» And an additional sludge production

Applying calcium (2 different precipitation products):

5Ca,* + 3PO,* + OH = Ca,(PO,),0OH (Hydroxylapatit)
Ca? + CO,~ = CaCO, (Calciumcarbonate)

Interactive Water Management 0



ﬂs o/’ Flocculation process
;v/

Precipitation Co-flocculation . Flocculation

Dosage of coagulant
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.'EV/V/ Equilibrium Phosphate and Fe, Al, Ca-Concentrations
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ﬂév/v/Calculation of the amount of the precipitant

[3-value: relative amount of precipitant with the unit [mol Me/mol Xp prec]

X,/ AM,, B =1,0 stochiometric dosage
Boree = £ £ [mol Me/ mol P] _ _

Xpean [ AMp B=1,5 50 % over stochiometric dosage
with:
Xve necessary amount of precipitant (metal) (mg Me/l sewage),
Xp el phosphorus to be precipitated (mg P/l sewage),

XP,prec = CF>,|n _CP,out - XP,BM — Xp,DN — XP,BioP

AM,,. atomic mass of metal (mg/mmol),
AMg atomic mass of phosphors (mg/mmol)

and the atomic mass AM: (P) Phosphor: 31; (Fe) iron 56 ; (Al) aluminium 27
According the kind of bounded P in the sludge:

XoaMm = 1,0 % (nitrification, COD Elimination)
Xegpn = 0,5 % (denitrification)
Xegiop = 1,0 % (anaerobic tank)

Interactive Water Management 0



.lév/y/ Principle of the enhanced biological P-elimination

ANAEROBIC A PO, -P AEROBIC
Qfase o P-Up-take
I B 3
@ luxery uptake
:::::::::: :©
. ? E>
Time
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ﬂs / Biological P-Elimination
"

Advantages:

®» No additional agents (flocculants) necessary

®» Decrease of salts in the effluent of a WWTP

=®» | ower additional sludge production

®» No additional heavy metals in the sludge

®» No disturbances possible for the nitrification process

Disadvantages

=» Higher investment cost for the construction of the anaerobic tank

®» Sometimes instable process, so often additional chemical dosage is
required

» In winter time higher tendency of bulking sludge
®» High content of volatile fatty acids (> 100 mg/l)
=» Sufficient O,-input into the activated tank to realize a high P-uptake

Interactive Water Management 0




ﬂé,//

Process technology of phosphorous removal

- Chemical, biological -

Interactive Water Management



ﬂé,/v/ Processes of the chemical P-elimination

Pre-precipitation

PA C
B=2-3 l Pe
" SF o{ PS { TF/AT 4»( : >—. 2 mgl/l
Simultaneous S
precipitation

p=le-15 | 1-1,5 mg/|
o 1 AT J?@— 2T.<1.0

Combined 0000 Rt
precipitation B: 1,2-1,5 B: )25

—"ps |2 AT @

PA: preciptation agent



ﬂév/v/ Dosage of the precipitation agent

® at locations with by flow increase turbulence

® in short distance of the storage tank

. . . Protection pipe
® hydraulic direct jump PP

®» Increase of the cross section,
®» absorption chamber of weirs,
= Drop construction

= junction of part flows
® [nstallation of mixer with a high frequency
® [nstallation of screens and static mixers
® Archimedes screw (e.g. filtration)
® Pressure side turbulence of pumps

® Aerated flow section (Fe2")

IWAMA
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precipitations agents

"év/"/ Example of good location for the dosage of

l Flocculant L Bolidan Turbo Mixer
|

Pat. Pend.,
Precipitation agent !
Al
| AT
— T | Ir|

blast pipe

Venturi Flow breaker Break, bend

Interactive Water Management 0



// Examples of location for dosage

Bad solution

» bad mixing of the flocculant

* durch Randlage kaum B nearly no
contact to the complete water surface

good solution
» Dosage into the change of flow direction
* but better would be over the whole

cross-section

IWAMA
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'E// Examples of location for dosage

Good mixing conditions

 special injections form different side of
the pipe

» Against the flow direction

« also good mixing conditions
 but danger of corrosion

IWAM

Interactive Water Management
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ﬂé//Storage of the flocculation agent

® Sealed filling place

® Separated catchment of
losses of the flocculation
agent

Interactive Water Management



ﬂév// Control concepts

Process Size of WWTP Amount of
flocculation agent

Control according pre-seted time Not recommendable --
(only small WWTP)
Control according a flow graph Small WWTP -
Control in relation to the flow Mid sized WTTP +/-
Control according to the load in the inlet Large WWTP ++
Control of Cpn,p Effiuent Large WWTP ++
o !

Solwert
Dosierpumps

Istwert

L 4
A 4

Abwasser

TMLNU, 2009, changed IWAMO
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ﬂsv// Enhanced biological-P-removal (Bio-P)
J

anaerobic anoxic zone  aerated zone
zone denitrification COD-elimination B=1,2-1,5 Cpe
& nitrification 2,0 mg/l
|
niet FA 1-1,5 mg/l
—Z z.T.<1,0

Effluent
P

—

Aeration

=

Internal recirculation

Secondary Settler

Return sludge

Excess Sludge

Interactive Water Management 0



WWTP Lubeck-Priwall

[ ] o/ Example
'lé :
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ﬂé,//

Advanced Phosphorous
removal technologies

Interactive Water Management



ﬂév/v/Processes for advanced P-removal

® First step:
Residual precipitation and flocculation of Phosphorous

®» Dosage of agent and flocculation tank is required

® Post precipitation and separation of the flocs with:
®» Settling tank, Lamella separator, flotation
» Micro-sieve
®» Cloth filter

®» Coagulation filtration

— Down flow deep bed filter
| Discontinuously back washed
| Continuously

® Membrane-filtration (post positioned)
® Biomembrane-reactor

Interactive Water Management 0



Post-precipitation (5 plants)

.'E'//Operational results of lamella separator

AFSY AFS, 1 |gesP, gesP.| n CSB, CSB, n
lamella - [mg/L] [mg/L] [%]] [mg/L] [mg/L] 1[%] [mg/l] [mg/ll]  [%]

Average gg 30 73| 446 062 |8 38 36 29
Minimum 130 03 - | 214 021 |75 34 24 29
Maximum 6,6 6 - 5,81 1,44 |92 42 90 30

Interactive Water Management 0




ﬂﬁ// Modern Micro-sieve (Hydrotech)
7

closed meshed, monofile texture (width 10 — 100 um)

System is only damed to 2/3 of the diameter

Filter velocity v 1, = 10,0 m/h - 20,0 m/h

Smaller particles than mash width removable (5% open space)
Cleaning with high pressure injection
Low energy costs by gravity flow
TSS-removal, P-Elimination
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ﬂév// Results micro-sieve

® Pre-located two stage coagulation suitable to reached P
effluent value < 0.08 mg/L.

®» E.g. with 2 mg/L PACI (Polyaluminiumchloride) and 0,6 mg/L FHM
(flocculation agent) = 0,06-0,065 mg/L

A0 - .0 - 804
-
=
= 04
. 30 — 45 -
s T 2 é .
a ; = ;7 m |
g w0d=T = 304 @ 404 m - .
E_ e T | = u |
3 I | = = " - |
= p= =4
L @ @ 70
E 100 B 15 ()
3 =
it i [
= 8
2
[} . : 0.0 : : T
influent affluent influent affluent 19

(n=1%} {n=1%]

Lardon 2012

(n=1%) [n=1%}

flow [m*h]
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ﬂsv// Cloth filtration

® Formally small fibored needle felt cloth (width 10 — 10 um)
today Pile fabric
® Filter velocity v py gy = 10,0 m/h
® Surface load of particles < 400 g/(m?-h); TSS;, max. 40 mg/I
® Suitable for TSS- and P-removal
, i Niveau-
InIet I ggrlﬂtg ;;\bsaugpLJmpen MNotuberlauf %Chqu‘unneitung Iﬁ_sonden
F/ ,( i Antrieb
1 Outlet qﬁ J[|_ /ﬁ . —Wartungs- P‘ S ..“‘
- = | =74 | podest | it e
Boden- :
schlamm- '
pumpe _i*l?:telg 7/
2 schacht
| “"--Zehntral—
oden- saug- =Y ronr
Schdlamm— ’t?glkeng E‘“‘*Filter—
pumpe segmente

\ Filterscheiben

Basic space of drum filter: 3,8 m? Ag/m? A“Sj\”\m
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[ ] o/ Cloth filtration
'lé,/

Disc-filter; Example WTP Oldenburg

14 x 60m2 Disc filter
Total filter surface 840 m?2
Maximum flow: 5,800 m3/h

Today world wide largest disc
cloth filter

Built in 2006

Effluent <5 mg/l TSS

Interactive Water Management



ﬂE//P-EIimination with cloth filtration
b

3

26 Koo *
24 "W. B
o4 * Zulauf
22 4

L4 PN

2 9
18 4 ¢

16 1 o‘ ¢ * o
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12 f° ‘ & 3 \

o Ablauf

Konzentration P, [mg/]

1 i & P o0 0@
08 | ,«'/» ’00’

06 4
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Versuchstage

® Effluent < 0,1 mg/l P, with precipitation and pile fabric
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Deep bed filter
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ﬂsv//Down-flow granular media filter
2

7
]
/
% Operation ’ b
/ [ ‘N
Raw water, % ‘ /
effluent secondary [ Submerge ‘ 1 Sludge
Settler ; ‘ E ligour flap-gate
/ /
4
/
) ) =1t } ele® . ®
Ventilation li
“«— Lower Filter layer izt
Backwash air stabilization layer /
. o
Bottom with
nozzels

L

Backwash
water

Evacuation

Filtrate +— IWAMO
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/Down-flow granular media filter
Intermediated backwashed by flap flushing

BAMN
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"EV// Operational results of coagulation Filtration

100
90
80
0]
60
50 |
40

30 +

—— all WTTP | (Median = 1,42 mg/l)

20 o

. — WTTP with filtration  ‘Median = 0,31 mg/l)

tot. P stay below probability in [%]

0

0,0 1,0 2,0 3,0 4,0 50 6,0 7,0 8,0 9,0 10,0 11,0 12,0

tot. P in the effluent [mg/l]
IWAMA
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ﬂé,//

Stay below probability TP-Concentration
In In- and outlet of a coagulation filter

Dosage of Fe3* and different v

TUU " T 13 — - —
t 0
[+
o4 o8 oZulauf 2.2-110 mih (N=45)
i
r 0 o% o ZUlauf 5,9-14 8 mih (N=88)
]
“ .
80% : o o ARlaLf 2.2-11 0 mih (N=45)
- o
e . § « ARIaUF 5,9-14,3 mih (N=88)
- a &
: §
oo | $ o
= - o §
b= &
] " ] o
= * o g
uk} o
= L 2 o
= * S g
[u]
3 am | 8 S
L GC* Zulauf Ablauf
. S 22110 59148 22110 59148
: = cj‘-‘ m/h m./h méh m./h
oo | ¢ 0 33 P 50% i 0.60 0 G4 006 0,06
E §c-8 [moil]  goesti 067 071 007 0,08
. §
] °f
g
0% Lot 2 .
10

TP o]

|W/\M{)
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Up-flow-Operation

ﬂE/v/ Continuously operating filter plants
/2

DynaSand

FILTER

Compressed air

o ol

i



ﬂE//Phosphorous removal
2

Example WTP Ratzeburg =

14

12

=t Ortho-F Zulauf mag/l
=i Ortho-F Zulauf kg'h
Ortho-F Ablauf mag/l
FP- Ges Zulauf mag/l
—— P- Ges Zulauf g/h
—e—F- Ges Ablauf mg/l

10

Konzentration [mg/l] / Fracht [kg/h]

&&@@&@@&@@@@
S BT RATRT T P T P F S

Uhrzeit 0
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ﬂsv// Post located membrane filtration

® Variants of modules

®» pipe-, capillary-, Hollow fibre and
surface module)

®» Membrane material (organic - inornlc)
®» Pore size from 0,01 to 0,2 um
®» Pre-located granulated filter necessary (removal of particles > 500 pm)

Cleaning with gas ca. all 30 min.
Flux-rate 41.6 I/(m2-h) with 1.3 bar starting pressure
Energy consumption: 0.2 kWh/m?3

Results

®» TP-Concentration from 0.2 - 1 mg/L down to < 0,05 mg/L in the effluent;
monthly average 0.025 — 0.045 mg/L

®» B-value = 2 — 5; no coagulant agents Gnirss(2007)

I\WAM
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'E'//TP -Effluent of Biomembrane reactor

Germany

— s&h
P, effluent values ;H;geﬂng

Belebungs
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S P o S F N E N F SR
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= & +c§\
In pratice< 0,3 mg TP/I possible PINNEKAMP ET AL., (2008)
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Baltic Sea Region

Thank you for your attention
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Prof. Dr.-Ing. Matthias Barjenbruch

Head of Dep. of Urban Water Management,

TU Berlin, Germany

matthias.barjenbruch@tu-berlin.de
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