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Cyanobacteria Bloom?
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Cyanobacteria Bloom?
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What is a bloom?



Scenario 2: turbid water, high cyanobacteria, wide problem

High cyanobacteria biomass 
giving widespread nuisance

Proliferation: 
• Nutrient driven

Management:
•Target nutrients (+ cyano’s) 

Buoyant low cyanobacteria 
biomass blown to leeside shore 
giving locally nuisance

Accumulation: 
• Physically driven

Management:
• Target cyanobacteria 

Scenario 1: clear water, low cyanobacteria, but local problem

Not all cyanobacteria nuisance is because of eutrophication



“Eutrophication has become the primary water 
quality issue for most of the freshwater and 

coastal marine ecosystems in the world”
Smith & Schindler 2009 TREE 24: 201-207.

Downing 2014 Inland Waters 4: 215-232
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Courtesy of Dr Kasper Reitzel, Univ. Southern Denmark

http://ec.europa.eu/environment/water/water-framework/pdf/CWD-2012-379_EN-Vol3_NL.pdf

http://ec.europa.eu/environment/water/water-framework/pdf/CWD-2012-379_EN-Vol3_NL.pdf



117 million lakes on Earth

90 million lakes of 0.2 – 1 ha
23 million lakes of 1 – 10 ha
2 million lakes of 10 – 100 ha

Lakes > 50 ha: leaves out > 97.5% of lakes

Many small lakes in urban areas → intense contact citizens



C
lo

si
n

g 
o

f 
b

at
h

in
g 

si
te

 w
h

en

M
C

 >
 2

0
 µ

g 
L-1

bu
de

l

be
ek

 e
n 

do
nk

 0
6

so
n be

nn
ek

om
ein

dh
ov

en
 0

8 hin
th

am kie
ne

ho
ef

be
rg

en
op

zo
om

be
ek

 en
 d

on
k 

10
du

ink
erk

pa
rk ra

uw
br

ak
en

ha
m

br
oe

kp
las bo

xt
el 

06 sw
alm

vijv
er

Microcystin concentration (µg L
-1

)

0

20
00

40
00

60
00

80
00

10
00

0

12
00

0

25
00

0
30

00
0

35
00

0
40

00
0

dm
R

R
R

R
Y

R
dm

LR
LR LY LW LF

so
m

er
en he

es
ch

alm
er

e-
rie

t

be
ek

 e
n 

do
nk

 0
9

hu
ize

n 
07 et

te
n-

leu
r

m
ole

nw
iel de

ur
ne

ein
dh

ov
en

 0
6

sp
ak

en
bu

rg dr
ey

en

kle
ine

 m
ela

ne
n gr

av
e loo

ve
ld

hu
ize

n 
09

es
sc

he
 h

eik
e bo

xte
l 0

8 plo
eg

Microcystin concentration (µg L
-1

)

0

10
00

0

20
00

0

30
00

0

40
00

0

50
00

0

60
00

0

70
00

0

dm
R

R
R

R
Y

R
dm

LR
LR LY LW LF



Courtesy of Dr Kasper Reitzel, Univ. Southern Denmark

http://ec.europa.eu/environment/water/water-framework/pdf/CWD-2012-379_EN-Vol3_NL.pdf



Mixing/currents

Light/stress/heat

CO2/NOx

Nutrient sources:
Natural (e.g. leaf litter, birds, animals)
Agricultural (fertilizer, erosion)
Industrial (process water)
Urban (sewage) Point sources:

- directly to water

Nonpoint sources:
- diffuse, run-off, 
- atmosphereNutrients



Nutrients

Nutrients

×



Pic. Provided by M. Scheffer

Mitigation:

1) Reduce external load

2) Reduce carps/bream if applicable

3) Reduce water column P

4) Block sediment P-release

→ P-adsorbents

Target in-lake nutrient (P) load



P-sorbent Adsorption (mg g-1) Reference

Red mud 114 Li et al., 2006

Calcite (CaCO3) 25 Brix et al., 2001

Calcite (CaCO3) 31 Xu et al., 2014

Dolomite (CaMg(CO3)2) 38 Xu et al., 2014

Half-burned dolomite 10 Roques et al., 1991

Iron impregnated coir pith 71 Krishnan & Haridas, 2008

Mesoporous ZrO2 30 Liu et al., 2008

Ceramic biomaterial 14 Chen et al., 2014

Iron oxide tailing 8 Zeng et al., 2004

Steel slag 5 Xiong et al., 2008

Steel slag 2 Drizo et al., 2006

La-modified bentonite 14 Kuroki et al., 2014

Zero-Valent-Iron 246 Wen et al., 2014

Black ochre 4 Spears et al., 2013
Red ochre 9 Spears et al., 2013

Phoslock (La-mod.bentonite) 9 Spears et al., 2013

Phoslock 22 Meis et al., 2012

Phoslock 10 Haghseresht et al., 2009

Phoslock 3-4 Ross et al., 2008

Phoslock 12 Zamparas et al., 2012

Phoslock 10-12 Noyma et al., this issue

Vermiculite 10 Spears et al., 2013

Vermiculite <1 Brix et al., 2001

Serpentinite 1 Drizo et al., 2006

Fe–Zr binary oxide 12 Long et al., 2011

La doped mesoporous SiO2 23 Ou et al., 2007

Fe–Ti bimetal oxide 35 Lu et al., 2015

Fe–Cu binary oxides 35 Li et al., 2014

Porous Pr(OH)3 nanowires 129 Tang et al., 2014

Mag dust 59 Spears et al., 2013

Sander dust 63 Spears et al., 2013

Ceramic biomaterials 14 Chen et al., 2014

Ca-Al - LDH 67 Jiang & Ashekuzaman, 2014

Ca-Fe - LDH 47 Jiang & Ashekuzaman, 2014

MgCa-Al - LDH 71 Jiang & Ashekuzaman, 2014

P-sorbent Adsorption (mg g-1) Reference

Iron oxide tailings 13 Zeng et al., 2004

Modified bentonite Bephos 27 Zamparas et al., 2013

Red mud <1 Huang et al., 2008

Blast furnace slag <1 Johansson & Gustafsson, 2000

Blast furnace slag 3-19 Kostura et al., 2005

Layered double hydroxides 

(LDH)

28-54 Das et al., 2006

Mg/Fe - LDH 16 Seida & Nakano, 2002

Ca/Fe - LDH 29 Seida & Nakano, 2002

Amorphous zirconium 

hydroxide

13∼30 Chitrakar et al., 2006

calcined Zn–Al LDH 36 Cheng et al., 2009

Al modified bentonite 13 Yan et al., 2010

Fe modified bentonite 11 Yan et al., 2010

Al/Fe modified bentonite 11 Yan et al., 2010

Hydrous niobium oxide 13 Rodrigues & da Silva, 2009

Al2(SO4)3⋅18H2O 25 Georgantas & Grigoropoulou, 
2007  

Alum sludge 25 Kim et al., 2003

Alum sludge 23 Babatunde & Zhao, 2010

Ferric hydroxide (Fe(OH)3) 17 Genz et al., 2004

Activated aluminium oxide 12 Genz et al., 2004

Goethite (α-FeO(OH)) 144 Peleka & Deliyanni, 2009

Aluminiumoxid S 35 Peleka & Deliyanni, 2009

Hydrotalcite 3-23 Peleka & Deliyanni, 2009

Bentonite 4 Zamparas et al., 2012

Fe modified bentonite 11 Zamparas et al., 2012

Bentonite 2 Shanableh & Elsergany, 2013

Fe modified bentonite 9-10 Shanableh & Elsergany, 2013

Al modified bentonite 9-11 Shanableh & Elsergany, 2013

Al/Fe modified bentonite 14 Shanableh & Elsergany, 2013

Fe–Al–Mn trimetal oxide 48 Lǚ et al., 2013

Activated aluminum oxide 21 Xie et al., 2015

Lanthanum oxide 47 Xie et al., 2015

Al-pillared smectites 5-7 Kasama et al., 2004

There are many P adsorbents in the literature...

...but applicable? – Cheap
– Easy
– Fast & effective
– Safe 
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P-sorbents only bind SRP; not particulate P

During bloom most P in cyanobacteria

top bottom

Low dose flocculent + ballast to flock and sink the cyanobacteria

Solid phase P-sorbent as ballast and capping to prevent sediment P 

release

Nothing added:
Cyanobacteria will 
gradually go to 
surface

Flocculent added:
Cyanobacteria will 
Fast accumulate at
surface

Flocculent + ballast added:
Cyanobacteria will rapidly
settle at bottom



Flock & Lock       Untreated

Cyanobacteria dominance

Post-treatment

Flocculent + solid P-fixative

Flocculation

Clear

water

Precipitation Low biomass 

eukaryote algae

Sediment cappingP P P

Flocculation?
Precipitation?
Efficacy?
Safety?
Costs?

Diagnosis → testing Checks & monitoring



Flocculants (Flock): 

chemicals that cause aggregation of suspended particles into flocs:

- Aluminium salts (alum, PAC)
- Iron salts - Fe(III)Cl3
- Chitosan
- Moringa oleifera seed extract
- Cationic starch

P sorbents (Lock): 

chemicals that adsorb phosphate ions; P is no longer bioavailable:

- Aluminium-, iron-, calcium salts
- Industrial waste-products (red mud, gypsum...)
- Local soils
- Modified clays
- Magnetic nanoparticles
- Binary oxides/hydrotalcites

Org. C, P  ??

- Safety ??

Costs, ease to apply ??



complexity, realism, costs

control, replication 

tubes, flasks
microcosm

enclosure
compartment

ponds and lakes

Experiments on various scales are needed
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+ ballast  = 

sinking intact cells
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Flock & Lock

treatment

There are many potential P-

sorbents, ballast compounds 

and flocculants 

Local red soil: 49% clay:
X-ray diffraction
- Kaolinite
- Goethite
- Mica
- Gibbsite
- Anatase

Major element oxides:
- SiO2 216 g kg-1

- Al2O3 216 g kg-1

- Fe2O3 108 g kg-1

- TiO2 15 g kg-1

Oxic: 10.5 mg P g-1

Anoxic: 3.6 mg P g-1



Available commercially in EU since 2006

Developed by Australian Government

CSIRO Land and Water, Centre for Environment and Life Sciences



What is Phoslock?

Bentonite enriched with lanthanum

(Atomic number: 57; 138.9 g/mol)

http://www.phoslock.eu/en/phoslock/about-phoslock/

pH = 7 85.83 % La3+

13.39 % LaCl2+

0.60 % La(OH)2+

0.17 % LaCl2
+

LaCl3 = 245.26 g/mol
0.1 M ≡ 24.5 g/l = 24.5‰ salt



Bentonite is a clay type, 
ore containing mostly the mineral montmorillonite

The Si- and Al ion often undergo 
substitutions by lower valence 
metals (Mg, Fe). 
These substitutions lead to a 
charge imbalance, compensated 
by exchangeable cations,

Montmorillonite is a three-layer mineral consisting of two 
tetrahedral silica (SiO2) layers sandwiched around a central 
octahedral alumina (Al2O3) layer

Zhang et al 2003 Materials Letters 57: 1858-1862

O

Si

Al O, OH



Hg Al Fe Mn P Zn As Cd Cr Cu La Pb

M
et

al
s 

m
as

s 
fr

ac
tio

n 
(%

)

10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

4.37 (0.16)%

Metals in Phoslock

5 different batches

Company claims 5%

4.54% Gibbs et al. 2011



La(OH)2+ + HPO4
2- → LaPO4 ⋅H2O

C
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y
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3- La3+
PO4

3-

C
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y

PO4
3- PO4

3-PO4
3- PO4

3- PO4
3-PO4

3-

Low TP in water column

Strongly reduced P-release sediment

Treated Untreated

Ksp = 10-24.7to 10-25.7 mol2 L-2 at 25°C  (Johanneson & Lyons 1994;  Liu & Byrne 1997)
Extremely low solubility lanthanum – orthophosphate (rhabdophane):

Sediment Sediment

WaterWater

capping layer

La3+ + PO4
3- → LaPO4

LaPO4⋅nH2O = rhabdophane
LaPO4 = monazite



Equilibrium phosphate concentration (mg L-1)
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qe = amount adsorbed at equilibrium (mg g-1)
Ce = equilibrium solution concentration (mg L-1)
Q = maximum adsorption capacity (mg g-1)
K = Langmuir constant (L mg-1)

Test of phosphate adsorption

Determination of P adsorption capacity – Langmuir equation

Q (mg g-1) K (L mg-1) r2
adj

Oxic 12.8 0.078 0.983

Anoxic 10.9 0.106 0.960

Test of phosphate precipitation



Chemical Equilibrium Modelling 

pH
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Àt least 650 tonnes

EXAFS, 31P NMR → La in sediment as LaPO4·nH2O and as LaPO4

Solid proof of mechanism





Results of years lab/small scale testing

• Strong phosphate removal from water 

• Strong phosphate removal under anoxia 

• Strong reduction phosphate release sediment

• No effect on water quality variables pH, O2, EC

• No toxicity

� Upscaling to ecosystem level 



3

1

De Kuil Rauwbraken

Eindhoven

1

2

3 Lake De Kuil 6.7 ha (max 9 m): Flock & Lock 

Urban pond Eindhoven: 6 compartments (20 x 20 m)

W

2

Lake Rauwbraken 2.6 ha (max 15 m): Flock & Lock 

Examples of large scale experiments



Pond ‘Eindhoven’



Nutrient loading

Harmful algae

Water plants

Turbid

Clear

Tu
rb

id
ity

Pond Eindhoven

1.0 mg P m -2 d-1

3.1 mg P m -2 d-1Fetch 300 m
PCLake Metamodel



External P – load

1.66 ± 0.38 mg P m -2 d-1

Internal P – load

term phosphorus load (mg P m -2 d-1)

runoff 4.69

groundwater 0.00

deposition on open water 0.11

‘Rainwater ‘ discharge 17.16

water birds 0.03

litter fall 0.00

angling (bait) 0.44

total 22.43

1250 kg ha -1



Dredging
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Flock & Lock whole lake experiments

Lake Rauwbraken

2008

2.6 ha; 15 m deep

increased blooms since 2000
4 months swimming ban in 2007!

Lake De Kuil

2009

6.7 ha; 9 m deep

regular blooms since 1992
swimming ban in 2008



Lake De Kuil
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Both lakes rather isolated (no main water inflow); stratifying; official bathing sites

Diagnosis: P – release from sediment is major source of in-lake P

Management: tackling P – release from sediment 



“Restoration Rauwbraken”

� Bank restoration/vegetation

� Fish removal 2001 – 2003 
(Grass carps ≤ 92 cm) Rauwbraken stocked in 80-ies with 500 

grass carps

Carp 110 cm, 37 kg



A B

C D

Lake Rauwbraken April 2008: Scum of  Aphanizomenon



21 April 2008

La-modified clay 
Phoslock ® (2 ton)

flocculation

Sedimentation 
aggregates

Capping sediment

22 April 2008

PAC 39 (2 ton ≈ 0.8 mg 
Al l -1)

+ 75 kg Ca(OH) 2

23 April 2008

Phoslock ® (16 ton)

PO4
3--fixation

scum interaction

PO4
3- PO4

3-PO4
3-

[PO4
3-]� [Algae] �





Sediment

2.8

46.6

0.7

Sediment

5.4

0.3

kg P per year

kg P per year

Leaf litter

Ground 
water

2.1 2.8 2.1



Mean summer TP concentration (µg L-1)
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Flock & Lock in ‘De Rauwbraken’

• High water transparency

• Much more plants



20.3 kg P in water

348 kg releasable P in sediment

Lake De Kuil May 2009: developing Aphanizomenon



PO4
3-

18 May 2009
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Mean summer TP concentration (µg l-1)
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Vegetation cover (m 2)
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Lanthanum from Phoslock

is found in fish tissues

But NO signs 

of toxicity



Lanthanum from Phoslock is bioavailable to 

the Marbled crayfish (Procambarus fallax)

But NO signs of toxicity



Summer TP concentration (mg L-1)
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Lake Rauwbraken Lake De Kuil

Costs € 140.000,-Costs € 50.000,-

Geo-engineering can be powerful to evoke a ‘regime-shift’

Both lakes are absolutely in better state than before

No toxicity observed



A North-American discussion:

Only P or dual N and P control controversy



Summer TP concentration (mg L-1)
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Lake Rauwbraken Lake De Kuil

� Controlling only P may effectively prevent

the occurrence of harmful algal blooms 
In freshwaters.

EPA, 2015

→ Based on enrichment experiments

Enrichment = eutrophication = external

loading ≠ - mitigation (neglects inlake)

These are P only control experiments 



Control Bentonite Phoslock Zeolite Aqual-P
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“It is not important whether phosphate is currently the limiting factor 

or not, or even that it has ever been so; it is the only essential element 

that can be easily be made to limit algal growth”(Golterman, 1975).

Redfield ratio (P:N:C is 1:16: 106) means that P limitation is the most 

efficient stoichiometrically

Liebig’s law of the minimum (Carl Sprengel published this 27 years earlier)

Only one limiting factor needs to be imposed on cyanobacteria to mitigate blooms. 

P is the  easiest

cf. Hans Arnold von Dobeneck, 1903 

For controlling blooms

P control is sufficient, 

or only N, or only Fe , 

or whatever...



There are many other reasons to control N, also in-lake

� Toxicity issues

� Effects on zooplankton

� Effects on plants

� ...



�Modified zeolites (aluminosilicate “molecular sieves”
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Dual control of NH4 and PO4 in water 

and release from sediment seems 

possible → More research

NH4-N release from 

sediment can be 

blocked

Aqual-P adsorbs 

up to 300 mg 

NH4-N m-2 d-1

Gibbs & Ozkundakci 2011 
Hydrobiologia 661:21–35



Mitigation should always start 

with a system analysis

� Doing nothing

� Curative measures

= fighting the symptoms

→ Flock & Sink �

→ Algaecides �

☺ Preventive measures 

= tackling nutrient fluxes

→ External/internal

Scenarios:

☺ Combined measures

= speeding up recovery Email: miquel.lurling@wur.nl



Upcoming Special Issue in Water Research on
Geo-engineering for the control of eutrophication in lakes

Eds. M. Lurling, E. Mackay, K. Reitzel, B.M. Spears
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P P

External load reduction

P P

Cyanobacteria dominance

Sediment P legacy Slow, long-term internal P reduction

A)

P

In-lake measures: immediate clearing water

Cyanobacteria 

dominance

Flocculation

Precipitation

Fast reduction internal P release

B)

Fish removal



Nutrient loading

Nutrient load reduction

Harmful algae

Water plants

Turbid

Clear
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Diagnosis = System analysis: - water and nutrient balance

- actual/critical/expected loading

- biological make-up


