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See what you are up against: the oldest Fossil cyanobacteria
and most successful form of life on Earth 2 Ga












First evidence in stromatolites: 3,5 billion years
Evolution of cyanobacteria: oxygen in atmosphere
Development of multicellular organisms from biofilms
Involved in quality of life of all higher organisms („microbiome“)
Colonized extreme environments, e.g.
 pH 1, 75 °C (Sulfolobus acidocaldarius)
 Nuclear power plants (Deinococcus radiodurans)
 Dead sea (extreme halophiles
 Disinfectant pipes
 Glaciers, permafrost
Involved in biogeochemical cycles of
all elements, mainly C, O, N, S, P
Carriers of biological self-purification
processes
Biofillm on sand grains
Employed in drinking and waste
water purification
Causing biofouling and biocorrosion
Involved in chronic infections
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Biofouling 2in paper mill

What is behind biofouling?
 Biofouling is a biofilm problem
 Biofilms are the oldest, most successful and
ubiquitous form of life on Earth

 Biofilm formation in non-sterile systems
cannot be avoided
 Biofilm organisms convert dissolved nutrients
into locally immobilized biomass
 Biofouling: A biofilm reactor in the wrong place

 „Biofouling“ is an operational definition:
Biofouling occurs when biofilm development
exceeds a given „threshold of interference“
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Anti-fouling by Biofilm Management
Biofouling: an operational definition
Threshold of
interference

Options:
 Nutrient limitation
 Shear force
 Flux enhancement
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Biofilms as secondary membranes
 Biofouling is caused by biofilms, growing on the surface of the
membranes
 All systems have biofilms, but not all suffer from biofouling – only if
„pain threshold“ is exceeded
 Biofilms are particularly resistant to biocides and shear forces
 How can biofilms contribute to fouling effects?
 Increase of friction resistance to crossflow
 Increase of concentration polarization because in biofilms,
diffusional mass transport dominates
 Precipitation of mineral deposits (e.g., CaCO3)
 Collect abiotic particles: clay, silt, humics
 Enzymatic attack on membrane or sealings
 Secondary membrane, adds to hydrodynamic
resistance of the membrane
 Every water molecule at the permeate side has
passed both biofilm and membrane
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A metaphor for the unfortunate situation of
people who deal with membrane biofouling
This is how motorcyclists
view themselves…

…And this is how we meet
them
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Achilles

Biofouling: The Achilles heel
of membrane technology
This biofouling layer has survived
hundreds of „disinfection“ cycles

Irreversible biofouling on a
reverse osmosis membrane

The heel
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Biofouling: A major cause of problems in RO
plants
Element Deterioration
4％

Membrane Deterioration
18%

Fouling 77%

Organic 15%

Colloids 22%
Scale

Biofouling 43%

Khedr, Desalination & Water Reuse, 10/3 (2000) 8-17
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Why biofouling hurts
Biofilm acts as secondary membrane – effects:
 Loss of product quantity
- Flux decline due to higher Δpmembrane
 Higher energy demand if flux is to be maintained
- Increase of Δpmembrane and Δpfeed/brine
 Loss of product quality (permeate)
- Contamination of product
 Possible microbial attack to membrane,
glue lines and other equipment
 Higher pretreatment and cleaning demand
 Higher replacement costs
- Damage by cleaning
- Damage by microbial attack
 Frustration and demotivation of personnel

Bottom line: up to 30 % of operation costs related to biofouling!
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Killing is not cleaning!
Module autopsies of
Irreversibly blocked
RO membranes after
hundreds of
„disinfection“ cycles
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The vicious circle of conventional antifouling strategies
No early warning systems

Next problem with
product or process

Problem with product
or process
Water samples instead
of surface samples

+ more Cleaner/biocide

?
?
?
No efficacy control
No information on
site or extent of
biofouling
+ biocide/cleaner

Corg

Corg

CCorg
org Nutrients not limited

+ biocide

Cleaning-unfriendly design
Biomass remains
as carbon source

  

Biocides – killing, not cleaning

Further biofilm
growth

Big question

How and why do biofilms
actually cause biofouling?
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Biofilm growth
visualized by OCT
 Optical coherence tomography
(OCT) allows for 3-D in-situ
microscopy of living tissue

Biofilm detachment

Dreszer, Flemming, Kruithof, Vrouwenvelder, in press

Biofilm Centre

13

Experimental approach:
Permeability of biofilms
 Select a membrane with low intrinsic resistance (e.g., MF)
 Employ a testing system (flat cell, microfiltration)
 Verify that it is a biofilm and not only a cell filter cake
 Variation of
- Nutrient concentration (+ 1 mg l-1 acetate carbon)
- Flux (constant at either 20 l m-2 h-1 and 100 l m-2 h-1)

 Determine
 Biofilm thickness
Total cell number
TOC
 EPS Polysaccharide content
 EPS Protein content
Biofilm Centre
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Cross flow microfiltration testing
system
Operation under constant flux: 20 and 100 l m-2 h-1 (increasing TMP)
Constant cross-flow velocity
Parameter: Flux decline

Flow direction
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Membrane biofilm analysed by autopsy
Autopsies: allowed only since 17th century
Hans Vrowenvelder and
Joop Kruithof

Rembrandt, 1632
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Verify: biofilms accumulate on top of the
membrane and not inside (autopsy)

Verified by
 SEM: Biofilm only on top of the
MF-membrane, not inside
 Cleaning: original performance
restored
Biofilm Centre
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Increase of biofilm thickness, resistance
and pressure drop over time

Thickness

Resistance

TMP = transmembrane pressure drop
FCP = feed channel pressure drop
Biofilm Centre
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System responses
Membrane resistance
 No nutrients added 20/100 l/h
 1 mg L-1 acetate added
Biofilm thickness
 No nutrients added 20/100 l/h
 1 mg L-1 acetate added
Total cell numbers
 No nutrients added 20/100 l/h
 1 mg L-1 acetate added
Nutrient supply also increases
 TOC
 EPS polysacccharides
 EPS proteins
Dreszer et al, . J. Mem. Sci, 429 436–447, 2013

Biofilm Centre

19

Influence of nutrient and flux increase (1)

 Increase of total cell numbers
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 No increase of biofilm thickness
with nutrient & flux increase
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Influence of nutrient and flux increase (2)
 More nutrients: more EPS
 Higher flux: more EPS
 More protein than polysaccharides
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Bacterial cells not responsible for TMP
Experiment: Biofilm vs. cell filter cake of same cell density
Resistance

Total cell #

EPS

 EPS are the cause for hydrodynamic resistance
Biofilm Centre
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Biofilm resistance vs.
membrane resistance
Intrinsic biofilm resistance at 20 l m-2 h-1: 5.5 x 1012 m-1
(1 mg L-1 acetate carbon added to feed water)
Comparison of biofilm resistance to
that of various membranes

Contribution of biofilm to overall
resistance in %

Dreszer et al, . J. Mem. Sci, 429 436–447, 2013
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Conclusions (1)
 Biofilms of drinking water populations were generated on
microfiltration membranes
 Fouling layer was due to growth, not to filter cake
 Biofilm resistance could be determined separately
 At 20 l m-2 h-1 flux and fed with 1 mg L-1 acetate carbon, the
resistance after 4 d reaches a constant value of 5.5 x 1012 m-1
 At 100 l m-2 h-1 flux under the same conditions, resistance is
7.1 x 1013 m-1
 No correlation of resistance to biofilm thickness could be found
– biofilms with similar thickness can have different permeability
 In MF and UF, biofilms contribute to intrinsic membrane resistance
 In NF and RO, biofilm resistance is much lower than membrane
resistance - here, concentration polarization may be most important
 Resistance is caused by EPS – but how?

Biofilm Centre

24

Big question:
How does the EPS matrix contribute to resistance?
95-99 % of biofilm mass is water

Flemming, J. Coll. Surf. Interf. B: Biointerf. 86, 251-259 (2011)
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What does the biofilm do to water transport?

Feedwater

Biofilm

Feed-channel pressure drop

Δp: Hydrodynamic resistance
Concentration
polarisation

Membrane

Permeate
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Hypothesis: Resistance (Δp) correlates
with polymer concentration
 Flux increase:
 Resistance increases
 Thickness decreases
 Subsequent flux decrease:
 Resistance not fully restored
 Thickness not fully restored
 Flux increase:
 Lower thickness
 Biofilm compressible
 Higher polymer density
 Hair-in-sink effect
 Higher resistance!
 This is why a thinner biofilm can
have a higher resistance than a
thicker biofilm
 This is why repeated pressure
changes can increase polymer
density and, thus, resistance
Biofilm Centre
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Impact of permeate flux variations on biofilm
thickness as visualized by OCT at one position
Permeate flux 20 L m-2 h-1

Permeate flux increase
for 1 h to 60 L m-2 h-1

Restoration of flux
20 L m-2 h-1 after
Constant crossflow (0.1 m s-1)
Biofilm Centre
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Biofilms are compressible:„hair-in-sink effect“

Ultimate hair-in-sink situation
Biofilm Centre
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How water molecules move in a gel:
Random motion vs. forced flow
Random
motion of
random motion
: nofriction
friction
ofwater
watermolecules:
moleculesno

coordinated
ofmolecules:
water molecules
: high friction
Parallel
motionmotion
of water
high friction

Zero pressure: Random motion of Pressure applied: Parallel motion of
water, practically not hindered
water (= flow), strongly hindered
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Application of Hagen-Poiseuille law:
approximation to polymer network
The polymer network is considered as a system of miniature tubes
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Application of Hagen-Poiseuille law to gel
Assumptions:
 A gel can be treated as a rectangular, 3-dimensional network of
polymer chains
 Each element, surrounded by polymer molecules and oriented
perpendicular to flow direction is considered a short tube
 The flow profile within each of such tubes is parabolic
 The volume flow at a given element dimension (a=0.3 µm), a
given polymer strand thickness (l=1 nm), a given pressure drop
(Δp) and a given water viscosity (η), and K for quadratic
geometry (0.422) is given by:

0.3 µm

1.0 nm

K a4 ΔP
•
V =
12 η l

Nature of molecules will be of strong influence
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Influence of mesh density (EPS concentration)
 Biofilm thickness: linear correlation (the more
elements stacked, the higher resistance)
 EPS concentration (proximity of volume elements)
increases resistance 2,828-fold
 Plausible explanation for the observation of thin
biofilms with higher resistance than thick biofilms
 Higher tangential flow: thinner but more solid
biofilms
 Crucial parameter: EPS concentration (1-4 %)
 Changes of EPS concentration of a few % make a
real difference in hydrodynamic resistance

Biofilm Centre
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Various EPS molecules will have different
impact – variability of EPS is huge
Xanthan

Dextran

Cellulose

Alginate

Hyaluronic acid

Emulsan

Examples for polysaccharides in EPS
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Ca2+, Fe2/3+, Mn2+, Al3+ cations may solidify EPS
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Multiple-charged cations can
bridge polyanionic molecules,
pull them together and decrease
intermolecular distance
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Polymers can have substituents which change
their properties
Example for polysaccharide: alginate
 composed of guluronic acid and mannuronic acid
 can be substituted by acetyl groups

ManA

ManA
-

-

COO

COO
O

OH

OH

-

O

O

COO
OH OH
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OH

O

O

CH3 C
O

ManA, -D-mannuronate; GulA, -L-guluronate
red circle: O-acetyl groups on C2 and/or C3 of ManA
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Presence of substituents changes morphology:
Acetylated vs. non-acetylated alginate
Atomic force micrographs of alginates

200 nm

200 nm
Acetylated alginate

Non-acetylated alginate
Leis, Wingender and Flemming, unpublished
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Various effects of acetyl groups
 Inhibition of ion binding (alginates)

 Inhibition of lyases (gellan, alginate)
 Inhibition of gelation (XM6)
 Inhibition of crystallinity (XM6)
 Inhibition of synergistic gelation (xanthan)
 Promotion of solubility (alginates)

 Promotion of stability (xanthan)
 None - polysaccharases, xanthan lyase

I.W. Sutherland, Presentation at IWA conference „The Perfect Slime“ Essen, 2014)
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Conclusions (2)
 Reasons for hydrodynamic resistance of EPS matrix
 Can be described by Hagen-Poiseuille-model
 Biofilm slightly compressible – „hair-in-sink effect“:
 EPS concentration increases, resistance increases
 Different organisms, conditions
 different EPS types, concentrations, substituents and
conformations play a role
 Implications for further research:
 How does water move through EPS?
 What is the influence of the nature of the EPS molecules?
 What are the influencing process parameters and how
can we influence them?
 How do biofilms cause biofouling in RO? Concentration
polarization? Feed-brine pressure drop?
 Learn, how to live with biofilms
Biofilm Centre
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Learn to live with
biofilms
This was all funded by:

Thank you!

Three ingredients

 Water
 Membranes
 Bacteria

Bacteria love membranes!
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40

