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1. Main sources, types and distribution 
of persistent organic pollutants in 
the marine environment



Main sources and environmental fate of pollutants (a)

Pollutant
Sediment



Main sources of xenobiotic compounds (a) 

The chemical industry produces more than 850 different synthetic chemical
products. Some of them (more than 50) are produced extensively (2-10
million tons/year) for a variety of industrial and domestic purposes.

The main producers and/or users of synthetic chemicals are:

• the petrochemical industry which produces refined petroleum
products (mixtures of haliphatic and aromatic hydrocarbons) as well as
pure chemicals (haliphatic and aromatic hydrocarbons, alcohols,
ethers, phenols, aldehydes, carboxylic acids, frequently substituted
with chlorine atoms or amino- or nitro-groups).

• the pulp and paper industry (more than 200 halogenated haliphatic
and aromatic compounds produced during the chlorine bleaching of
pulp);

• the plastic industry (uses styrene, vinyl chloride, aniline, terephtalic
acids, methyl methacrylate, solvents, antioxidants, plasticizers, cross-
linking agents, etc. to produce polymers);



• the pesticide industry (produces and uses benzene and heterocyclic
derivatives, as well as organophosphorous compounds, carbamates,
acetanilides and organometal compounds substituted with halogen-,
hydroxy-, alkoxy-, aryl-, nitrile-, nitro-, and amino-groups);

• the cosmetic, medical and pharmaceutical industry (uses and
produces a large array of complex synthetic organic compounds);

• the textile industry (uses monomers and reagents to produce synthetic
fibres, halogenated haliphatic hydrocarbons for cleaning, surfactants,
dyes, etc );

• the energy industry/combustion of fossil fuels (uses gasoline, i.e.
haliphatic hydrocarbon (70%) + aromatic hydrocarbons (30%) and
diesel fuel and produces polyaromatic hydrocarbons and nitrated-
hydrocarbons);

Finally, transport through sea or roads, as well as the use of chemicals in
agriculture (pesticides, herbicides, inorganic nutrients, etc) and at the
domestic level, (paints, cosmetics, personal care products, cleaning and
disinfecting products, etc.), represent additional important sources of
contamination.

Main sources of xenobiotic compounds (b) 



Major priority pollutants 
(according to EPA) identified 
according to their documented 
bioaccumulation, toxicity
towards humans and living 
organisms, and persistence in 
the environment.

Main priority pollutants released in the environment



Main sources and environmental fate of pollutants (b)

Oil spills in the marine environment



From seawater and sediment to biota up to the top of the food chain 
(humans)

Main sources and environmental fate of pollutants (c)



2. Recall on microbial metabolism of 
organic matter under aerobic and 
anaerobic conditions



Bacteria are the main phylogenetic group of microorganisms that have
evolved/acquired the capability of degrading several xenobiotic compounds
in different habitats due to their:
a) extensive distribution/ubiquity in the environment,
b) large native metabolic versatility (some bacteria are able to recognize

over than 100 distinct organic substrates)
c) large diversity and high reproduction rates (higher biomass

concentration, higher mutations rates) and
d) high susceptibility to undergo horizontal gene transfer.
They normally import the pollutants into the cell, where they are attacked by
specific enzymes, that progressively degrade the pollutants towards simpler
compounds, sometimes up to CO2 and water.

Main microorganisms with potential xenobiotic 
biodegradation capabilities



a) Carbon (C). Possible sources of C may be organic molecules
(heterotrophs), such as sugars, proteins, lipids, organic acids,
hydrocarbons, xenobiotic compounds, etc., or CO2 (autotrophs);

b) Nitrogen (N). Sources of nitrogen may be organic molecules (proteins,
amino acids, urea, amines), or inorganic (e.g., NH4

+, NO3
- and N2);

c) Phosphorous (P). Sources may be organic or more commonly inorganic
molecules (e.g., HPO4

=, H2PO4
-, PO4

3-);
d) Sulphur (S). Sources may be organic (some amino acids) or inorganic

molecules (e.g., SO4
= );

e) Hydrogen (H). Sources are water or organic compounds
f) Oxygen (O). Sources are water, molecular oxygen (O2) or organic

compounds.
In addition, (micro)organisms require an energy source, that may be:
- an organic compound (chemoorganotrophs). In case of heterotrophs, the

same organic compound is often used also as carbon source.
- an inorganic compound (chemolitotrophs)
- light (phototrophs)
(micro)organisms also require an “electron acceptor” (O2 or other
compounds) for the utilization of the energy source.

Main requirements for growth of microorganisms



C sources: CO2 ,autotrophy, or organic, heterotrophy

Energy 
sources

Metabolisms: sources of energy and carbon



Chemorganotrophic eterotrophic metabolism

simple 
organic 

molecules

Energy-rich 
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Energy-poor 
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H2O
NH3
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Nitrogen bases

Cells 
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Anabolism
(endooergonic)



CO2

Fermentation: anaerobic process in which electrons deriving from the
oxidation of the organic matter are transferred to a biomolecule that is
generated as intermediate within the cell. This molecule is thus reduced
(electron acceptor) into a fermentation product, that is excreted into the
environment

Chemorganotrophic, eterotrophic metabolism: electron 
donors and acceptors, sources of energy and carbon



organic 
compounds for 
biosynthesis

Energy

TCC

Electron acceptor

Krebs cycle

Aerobic biodegradation of natural organic compounds
Energy and 
C source



SO4=-reduction

SO4
=

S=

Anaerobic biodegradation of natural organic 
compounds



3. Overview on the biodegradation 
mechanisms of the main persistent 
organic pollutants under aerobic and 
anaerobic conditions



a) MINERALIZATION (complete oxidation of carbon into CO2)

Xenobiotic compounds organic 
Intermediates CO2 + Energy

b) BIOCONVERSION (Partial oxidation of carbon) 

Catabolism of xenobiotic compounds

Xenobiotic compounds organic products (+ CO2 + Energy)

Fate of the xenobiotic compound:

Utilization of the xenobiotic compound by microorganisms:

a) GROWTH SUBSTRATE (direct metabolism, i.e., used as energy 
and/or carbon source à the degradation sustains growth)

b) CO-SUBSTRATE (co-metabolism, i.e., the degradation requires the 
utilization of another compound as energy/carbon source)

MONO-
OXYGENASE

CAH
CC

ClCl
ClH

O

Epoxide

Alcohols
Organic acids

O2 H2O

Growth substrate CO2 + H2O + energy



Evolution of microorganisms towards the capability to 
degrade xenobiotics:

Vertical expansion of metabolic pathways

The vertical expansion of a metabolic pathway allows the microbe to
transform an organic xenobiotic into a natural substrate or an intermediate
of its metabolism. The latter can thus enter the central metabolic pathways
(e.g., tricarboxylic acid cycle) through the existing catabolic routes.

The microbe becomes therefore able to catalyse a new sequence of
reactions (catabolic pathway) upstream a metabolic pathway initially
existing, which is thus expanded vertically.

The new molecule can be typically be
biodegraded via direct metabolism (used
as carbon and energy source) and often
fully mineralized.

A

B

C

D

CO2 + Energy

α

β

X

Y



Example of vertical expansion of metabolic pathways:
Aerobic metabolism of aliphatic hydrocarbons

Biodegradation of fatty acids 
(biomolecules)

Biodegradation of aliphatic 
hydrocarbons:
vertical expansion of the β-
oxidation pathway



Example of vertical expansion of metabolic 
pathway: toluene biodegradation

TCC



A horizontal expansion of a metabolic pathway allows the microbe to
transform a new organic molecule (xenobiotic), which is structurally similar
to one of its natural substrates, thanks to random mutations of existing
enzymes involved in the substrate utilization.

The cell becomes therefore able to carry out the same sequence of
reactions that was initially using on the natural substrate, also using the
xenobiotic as substrate. The metabolic pathway initially present is thus
expanded horizontally/duplicated, increasing the number of substrates that
can be processed.

Evolution of microorganisms towards the capability to 
degrade xenobiotics:

Horizontal expansion of metabolic pathways

Very often, the new molecule is NOT transformed
into an intermediate of the central metabolism,
since the structural difference with the natural
substrate is not eliminated. Thus it is typically
processed through co-metabolism (the natural
growth substrate must be present since required
as energy and carbon source).
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NOT always 
this step 
occurs

Example of horizontal expansion of metabolic pathways



Aerobic and anaerobic biodegradation of 
aliphatic and aromatic hydrocarbons by 

bacteria.

CH3-CH2-CH2-(CH2)n-CH2-CH2-CH3

Several aliphatic and aromatic hydrocarbons can be biodegraded
by aerobic bacteria through vertical expansions of metabolic
pathways.

They are often biodegraded via direct metabolism (used as carbon
and energy source) and fully mineralized to CO2 and water.

à biodegradation in contaminated environments occurs only if all
other elements required by the degraders (O2, sources of N and P,
etc.) are present in sufficient amounts.



TCC

Aerobic biodegradation of aliphatic hydrocarbons (a)

Oxygen is used
(aerobic conditions)
to activate the
substrate through a
monooxygenase:
introduction of 1
oxygen atom into
the molecule.
The intermediate is
then converted into
a carboxylic adic
through
dehydrogenases.

b-oxidation

dehydrogenase

dehydrogenase



Aerobic biodegradation of aromatic hydrocarbons (a)

TCC

TCC

Oxygen is used
(aerobic conditions)
to activate the
aromatic ring
through a
dioxygenase:
introduction of 2
oxygen atoms into
the molecule.
A dehydrogenase
converts then the
intermediate into
cathecol, which
undergoes ring
opening and
degradation via the
cathecol patway
and TCC.



TCC

Naphtalene Dibenzofuran Dibenzo-p-dioxin Biphenyl

Aerobic biodegradation of aromatic hydrocarbons (b)
Reactions occurring 
sequentially on each 
aromatic ring

activation

conversion to 
cathecol-like 
intermediate

ring opening of 
the cathecol-like 
intermediate

degradation of 
the cathecol-like 
intermediate

Mono-aromatic intermediate that 
undergoes conversion to cathecol 



Main features affecting the aerobic biodegradation of 
hydrocarbons 

1) Molecular weight (MW)/number of fused rings (the higher it is, the 
lower is the biodegradation extent and/or rate)

3) Presence, number, type (alkyl, phenyl) and position of substituents

2) Degree of saturation (the higher it is, the lower is the biodegradation 
extent and/or rate)

> >

>

> > >



TCC

Carboxylation (addition of CO2)

Anaerobic biodegradation of aliphatic and aromatic 
hydrocarbons (a)

1) Activation via carboxylation (addition of CO2)

Carboxylation (addition of CO2)
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Pathway for Toluene Degradation  (as proposed by Biegert et al., 1996)

 
Toluene

Benzylsuccinate synthase pathway

TCC

Anaerobic biodegradation of aliphatic and aromatic 
hydrocarbons (b)

2) Activation via addition of fumaric acid



Aerobic biodegradation of chlorinated aliphatic 
and aromatic hydrocarbons by bacteria.

Chlorinated aliphatic and aromatic hydrocarbons can be often
biodegraded by aerobic bacteria through horizontal expansions of
vertically expanded metabolic pathways.

They are often biodegraded via co-metabolism (need of a growth
substrate, along with sources of N, P, in sufficient amount); only some
monochlorinated ones can be used as carbon and energy sources.

Since the removal of the chlorine substituents is generally fortuitous, low-
chlorinated hydrocarbons can be typically biodegraded under aerobic
conditions, while fully or highly chlorinated ones are not.

Polychlorinated dioxins 
(PCDDs)

Polychlorinated 
biphenyls (PCBs)



TCC

Aerobic biodegradation chloro-aliphatic hydrocarbons



TCC

Aerobic biodegradation chloro-aromatic hydrocarbons



Aerobic biodegradation of polychlorinated biphenyls

PCB degradation stops here, since horizontal expansion for chlorinated
benzoic and chlorinated hydroxy acids has not happened in the same
bacteria:
- CO-METABOLISM with biphenyl
- full biodegradation possible only by mixed microbial cultures having

complementary biodegradation activities.

Low chlorinated PCBs (up to approx. 3-4 Cl per biphenyl molecule)



Anaerobic biodegradation of chlorinated aliphatic 
and aromatic hydrocarbons by bacteria

Under anaerobic conditions,
highly halogenated aliphatic and
aromatic hydrocarbons can
undergo dehalorespiration: they
are used as final electron
acceptors of the anaerobic
respiration and, while reduced,
they are dehalogenated.

Polychlorinated dioxins 
(PCDDs)

Polychlorinated 
biphenyls (PCBs)

Electron
Donor

Reduced

Electron
Donor

Oxidized

R-Cl

n ATP
e-

R-H

H+ + Cl-
+

Electron
Acceptor
Oxidized

Electron
Acceptor
Reduced



Dehalorespiration
carried out by 
Dehalococcoides
spp. (mccartyi) 

Anaerobic biodegradation pathways for 
chlorinated aliphatic and aromatic hydrocarbons 

in bacteria



Anaerobic biodegradation pathways for 
chlorinated aliphatic and aromatic hydrocarbons 

in bacteria
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With few exceptions, dehalorespiration is active only towards medium-
highly chlorinated compounds, which are therefore only partially
dechlorinated and thus converted into low-chlorinated products.



Reduction potential decreases with chlorination degree



Dehalorespires compete for electron donors (H2) 
with other anaerobic respirers

Organic
Donors

Acetate

H2
Dechlorination

Methane

MCDD/Fs

Sulfides
SO4 2-

CO2

CO2

CO2

Acetogenesis

Methanogenesis

Sulfid
ogen

es
is

Methane

PCDD/Fs

Competing electron flow pathways in anaerobic sediments



Electron Acceptor Process Hydrogen Concentration
(nM)

  Aerobic (O2) respiration <0.1
  Denitrification <0.1
  Iron(III) reduction 0.2 - 0.6
  Dehalorespiration < 0.31
  Sulfate reduction 1 - 4
  Methanogenesis >5
  Acetogenesis >336

Affinity for H2 determines predominant electron accepting 
processes 



4. Examples of technologies/approaches 
for the enhancement of biodegradation 
processes (bioremediation) in marine 
environments



CH3-(CH2)n-CH3

biomass + 
CO2

e-

O2 (NO3
-, SO4

2-

)

H2O (N2, S2-)

NO3
-, PO4

2-, SO4
2-

Oxidative degradation (direct metabolism)

e-

H+ 

H2
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Cl Cl
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NO3
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2-

NO3
-, PO4

2-, SO4
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CO2 + Cl- + H+

O2 

H2O

e-

Oxidative degradation (direct or co-metabolism) 
with cross-feeding / division of labor

Oxidative syntrophic degradation

biomass + 
CH3COOH + 

H2

CH3
NO3

-, PO4
2-, SO4

2-

e
- in

t.

NO3
-, PO4

2-, SO4
2-

H
+

CO2, SO4
2-, Fe3+, NO3

- 

CH4, S2-, Fe2+, N2

e-

+ biomass

∆G0’ > 0
∆G < 0

Microbial degradation of pollutants: single and multiple 
players involved



Lack of e- acceptor

Lack of e- donor

Lack of nutrients

CH3-(CH2)n-CH3

biomass + 
CO2

e-

O2 (NO3
-, SO4
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Lack of suitable redox, pH, environmental conditions

Oxidative syntrophic degradation
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CH3COOH + 

H2

CH3
NO3

-, PO4
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e
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H
+
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CH4, S2-, Fe2+, N2

e-
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∆G0’ > 0
∆G < 0

Main microbiological factors limiting biodegradation in 
contaminated environments addressed by bioremediation 

approaches



Marine.oil.spills:.A.serious.problem.
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Marine oil spills: a serious problem



The need for action
The.need.for.acFon.

!  Marine'shorelines'are'important'public'''''''
and'ecological'resources'

!  Oil'spills'have'posed'great'threats'and'
caused'extensive'damage'to'the'marine'
coastal'environments'

!  Also'to'marine'mammals,'
a'significant'reduc<on'in'
popula<on'of'many'
inter<dal'and'sub<dal'
organisms,'and'many'long'
term'adverse'
environmental'effects.'
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OIL.SPILLS:.The.issue.
!  Oil.spills.remain.one'of'the'most'serious.risks.for'the'oil.and.

shipping.industries.as'the'environment'and'livelihoods'can'be'
significantly'affected'in'the'event'of'a'major'incident.''

!  Accidents.sFll.happen.'Although'large'spills'from'tankers'and'
oil'industry'opera<ons'have.become.less.frequent.in'the'last'
few'decades.'

!  Ini<al'focus'must'be'on'prevenFon;'however,'the'oil'industry'&'
governments'also'give'high.priority.to.developing.capability.to.
respond.to.spills.'

!  When'oil'spills'do'happen,'prompt.acFon.minimizes'the'impact.''

T 
E 

C 
H

 N
 I

 C
 A

 L
   

U
 N

 I
 V

 E
 R

 S
 I

 T
 Y

   
O

 F
   

C 
R 

E 
T 

E 
 

Early Detection of Oil Spills & Quick Emergency Response! 

Marine oil spills: the issue



Fate.of.Marine.Oil.Spills..

'Oil,'when'spilled'at'sea,'will'normally'break'up'and'be'dissipated'or'scaSered'
into'the'marine'environment'over'<me.'This'dissipa<on'is'a'result'of'a'
number'of'chemical,'physical'and'biological'processes'that'change'the'
compounds'that'make'up'oil'when'it'is'spilled.'The'processes'are'collec<vely'
known'as'weathering.'

'
1.  Spreading'
2.  Evapora<on'
3.  Dispersion'
4.  Emulsifica<on'
5.  Dissolu<on'
6.  Oxida<on''
7.  Sedimenta<on'
8.  Biodegrada<on'
''
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Fate of marine oil spills



Weathering.processes.&.period.of.acFvaFon.
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!  Bioremedia<on,'the'only'process'that'can'actually'restores'the'
ecosystem'to'its'prior'state,'starts'at'a'later'<me'(it'takes'at'
least'1'week'for'the'hydrocarbon'degraders'to'increase'their'
concentra<on)'

Weathering processes and periods of activation

PROMPT ACTIONS MINIMIZE THE IMPACT!
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a marine environment, the magnitude of the spill is assessed to determine the most suitable
response action. Figure 1 highlights the different cleanup approaches currently used for waters,
shorelines and sediments. The primary combat strategy is mechanically containing and
recovering oil using different types of booms, barriers and skimmers, as well as the application
of natural or synthetic sorbent materials. Containment booms are typically used in surface
waters as barriers to control the oil from spreading and impacting shorelines or other marine
resources like aquaculture facilities. With the aid of different types of booms (fences, curtains or
inflatable booms), oil is concentrated into thicker layers, facilitating subsequent removal with
skimmers. Different types of skimmers (weir, oleophilic and suction skimmers) have been
developed that are suitable for specific oil types and in the presence of ice or debris. Sorbents
are either natural or synthetic-like polymeric materials used for very small spills to adsorb the
spilled oil either on the surface or internally through swelling. They are also used to remove final
traces of oil after collection with skimmers, or in areas that cannot be reached by skimmers.

Dispersants (Box 1) are mixtures of surfactants and solvents that reduce spilled oil into small
droplets (smaller than 100 mm in size) by the action of waves and currents; they are mainly used
in open and deep waters [7,8] (Figure 1). Oil droplets are spread from the seawater surface into

Gas vola!liza!on
into the atmosphere

Skimmer

Oil tanker
In situ burning

Dispersant
Beach

Rocky shore

High-pressure
water spray

Sorbent
material

Ex situ
technologies

Boom

Tar balls

Oil droplets

Water column

Well capping

Intake pla"orm

To the surface

Gas/gas hydrates

Dispersant

To the sea floor
Bo#om sediments

ROV
Tube for
aspira!on

Pla"orm

Figure 1. Current (Nonmicrobial) Technologies for Emergency Responses to Oil Spills in Marine Environments. On the sea surface, the oil spots
accidentally released by oil tankers or offshore platforms can be chemically dispersed or physically contained by plastic booms and partially recovered with skimmers or
they can undergo in situ burning. These processes may enhance accumulation of solid residues (e.g., tar balls) that can sink. The volatile fractions move to the
atmosphere where the HCs can be transported far away and fall back to the surface again. HCs can reach the coast and contaminate beaches where they can be
removed with oil-sorbent materials. On rocky beaches, combinations of high-pressure water spray and application of sorbent materials are used. A further possibility is
the removal of the contaminated sand and ex situ treatment in specialized centres. HC contamination can occur at the seafloor due to losses from oil wells and
shipwrecks or during drilling operations. Oil droplets can then move across the water column towards the seafloor, spread horizontally to form HC plumes in the water
column or reach the sea surface and eventually the coastal zone. Dispersants are used to decrease the size of oil droplets and increase the surface-to-volume ratio. Oil
from sunken ships can be removed through suction from intake platforms positioned on the sea surface, while wellhead capping is necessary to stop oil blowout from
deep-sea wells. Natural attenuation and dispersion phenomena in the water column and volatilization in the atmosphere additionally contribute to HC removal.
Abbreviations: HC, hydrocarbon; ROV, remotely operated vehicle.

Trends in Biotechnology, September 2017, Vol. 35, No. 9 861

Oil spill responses and remediation options



Emergency.Response.opFons.

Current'techniques'are'classified'as:''

!  Physical'(booms,'skimmers'and'adsorbent'materials)'

!  Chemical'(dispersants'and'solidifiers)'

!  Thermal'(in'situ'burning)'

!  Biological'(bioremedia<on:''''''''''''''''''''''''''''''''''''''''
intrinsic'vs.'enhanced)'

!  Natural.a]enuaFon.(open'seas''''''''''''''''''''''''''''''''''''''''''''''''''''
with'high'energy'waves'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''
–'monitoring'only)'T 
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Wave action on spilled oil 

Emergency response options



Physical options in emergency response 
to oils spills

Emergency.response.acFons.(open.
sea.&.near.shore).X.PHYSICAL.

! Containment and removal with booms and skimmers  
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Physical options in emergency response to oils spills
q Containment and removal with booms, skimmers and pads

Emergency.response.acFons.(open.
sea.&.near.shore).X.PHYSICAL.

! Containment and removal with booms and skimmers  
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Booms.'
(open'sea'&'near'shore'–'skirt'length)'
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Oleophilic.disk.skimmers.
KOMARA 20 

Oleophilic disk 

Direct.removal.of.spilled.oil.by.
Oil.absorbing.pads'

Direct.removal.of.spilled.oil.by.
Oil.absorbing.pads'

Only about 10% (max 15%) of spilled oil is recovered in a successful 
operation (only 3% was recovered in the DWH incident)



Chemical.dispersants.

!  Goal is to “remove” the 
oil from the surface…. 

!  To the water column 
(faster dissolution) and 
the sediment become 
more and more toxic… 
"  Usage maps 

!  The use very close to 
the shore line is not 
allowed. 
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Goal: to remove the oil from the 
surface (transfer in the water column)

…however, the water column and 
the sediment may become more and 
more toxic (not only because of oil 
hydrocarbons but also due to 
dispersant.

Oil dispersion might enhance 
biodegradation (higher surface), but 
dispersant should be non toxic and 
biodegradable 

Chemical options in emergency response to oils 
spills:

chemical dispersants (surfactants and solvents)



Dispersants:.mode.of.acFon.
Dispersants are amphiphilic 
compounds acting on an oil 

droplet: 
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Dispersants: mode of action



Mode.of.acFon.–.visual.observaFons..
(laboratory.studies.–.Delc.Hydraulics.Inst.).

No dispersants present 

Oil + dispersants (t=0+) Oil + dispersants (t=30 s) 
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Dispersants: mode of action – visual observation 

(lab scale)



Dispersants:.Fate.vs..Fme.
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Dispersants: fate vs time



Dispersants: window of opportunity

As time progresses the light components of the 
spilled oil evaporate or dissolve in seawater:

àthe viscosity of the remaining spilled oil 
increases 

à“quickly” (few hours to one-two days) the 
spill can become not dispersable.



InXsitu.burning.–.concluding.remarks.
.We'have'the'genera<on'of'toxic'by/products'(gases'&'
liquids).'Air'pollu<on'can'reach'places'>100'km'away…''
BUT,.impact.is.much.less.compared.to.the.oil.spill.
reaching.the.shoreline….[IndustryXpreferred.opFon].

.

.

$ Helitorch 

It throws burning fuel … 

New developments:                          
Application of herding agents + ISB Fire booms 
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There is still room 
for innovation! 

In situ burning

Toxic by-products (gases & liquids) are generated. 
Air pollution can reach places >100 km away…
BUT, impact is much less compared to the oil spill 
reaching the shoreline…it is the industry-preferred 
option.



Bioremediation of oil spills

During the last 20 years many marine bacteria with hydrocarbon 
degrading capabilities have been found:
Alkanivorax, Cycloclasticus, Marinobacter, Fundibacter, Phycroserpens

WHERE DO THEY COME FROM?

q BIOSTIMULATION: addition on nutrients (mainly N and P) in order to 
establish/maintain the C:N:P (100:5:1) optimal for a quick and complete 
biodegradation of oil hydrocarbons by the indigenous microbes

q BIOAUGMENTATION: addition of specialized marine bacteria able to 
biodegrade hydrocarbons (increase of biocatalyst concentration)



Bioremediation of oil spills
(after first response)

Enhanced Bioremediation
Intrinsic Bioremediation

(Natural Attenuation)

Addition of nutrients, 
surfactants and microbes 

No action-option
(only monitoring)

Biostimulation

Bioaugmentation

Dispersion/bioavaila
bility enhancement

Addition of nutrients to stimulate 
indigeonus degraders

Addition of surfactants to disperse oil 
in microdroplets/increase the oil-
water interface

Addition of oil-degrading microbes to 
supplement the indigenous ones



BiosFmulaFon.vs..BioaugmentaFon.

!  Research'studies'have'failed'to'prove'conclusively'that'
seeding'is'effec<ve'(with'bioengineered'organisms'or'
organisms'enriched'from'different'environments'and'
grown'in'the'laboratory'to'high'numbers).'

'
'

BioaugmentaFon.is.usually.found.less.effecFve..
than.BiosFmulaFon.in.the.long.run..

.
BioaugmentaFon.offers.only.short.term.gains..T 
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Biologists vs. Engineers 

Bioremediation of oil spills:
biostimulation vs bioaugmentation



Challenges and needs in Biostimulation

Commercial inorganic fertilizers and mineral nutrient salts are washed 
out by the wave action!

q design nutrient delivery systems that overcome the wash out 
problems: formulations that are able to adhere to oil and provide 
(possibly in a controlled way) nutrients at the oil-water interface, 
where oil biodegradation mainly occurs, without the need to 
increase the nutrient concentrations in the bulk water.
v use of slow release fertilizers, e.g., inorganic nutrients coated 

with hydrophobic materials like paraffins or vegetable oils
v use oleophilic organic nutrients, like uric acid (source of nitrogen) 

or lecithins (source of phosphorous), as oil biodegradation mainly 
occurs at the oil-water interface

v development of smart nutrient-releasing formulations able to 
interact with oil and release nutrients upon contact with oil  



Development.of.a.nutrient.
formulaFon.X.Key.components:.
!  Source.of.nitrogen:.Uric.acid'''''''''''

'It'is'a'cost'effec<ve'natural'origin'waste'product'of'birds'etc.,'it'has'low'
solubility'in'water'(it'is'not'readily'washed'out)'binds'to'crude'oil'and'
therefore'it'is'available'for'bacteria'growing'at'the'hydrocarbon/water'
interface.''

'

!  Source.of.phosphorous:.Lecithin''''''''''
'It'is'a'natural'phospholipid,'oil'soluble,'easy'to'get'at'low'cost'as'by/
product'of'the'Vegetable'Oil'Industry'and'has'good'dispersant'proper<es'
(can'also'serve'as'a'biosurfactant).''

'

!  Source.of.organic.carbon:.Molasses''''''''''
'It'is'a'natural'by/product'of'the'Sugar'Industry,'the'carbon'is'in'the'form'of'
sucrose,'it'contains'vitamins'which'enhance'respira<on'as'compared'to'
those'supplied'with'oil'carbons'and'minerals'only.'
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Development of an oleophilic nutrient formulation 

¨ An additional biosurfactant (e.g., rhamnolipids) may be added to 
further disperse hydrocarbons and increase their bioavailability
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The initial growth 
period (low densities) 
can be reduced 
significantly through 
bioaugmentation.  
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Effect of an oleophilic nutrient formulation (+ bioaugmentation 
with autochtonous HC degraders) 

control 
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only)

NON oleophilic 
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Uric acid
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Uric acid
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Ramnolipids

Nikolopoulou, M., Kalogerakis, N. 2009 Journal of Chemical Technology and Biotechnology84(6), pp. 802-807



SmartGate particles for the controlled release of 
nutrients 

SmartGate Concept
• mesoporous silica nanoparticles loaded with active ingredients 

(nutrients, N and P) to intensify oil hydrocarbons biodegradation 
(biostimulation)

• After suited surface modification, the particles sorb to oil slick and 
remain associated to the hydrophobic phase

• Active ingredients (here: N and P) encapsulated in the mesoporous 
material are only released at oil/water interface

This journal is©The Royal Society of Chemistry 2019 Chem. Commun., 2019, 55, 7478--7481 | 7479

environment, via a triggered gate opening. In order to achieve
such a gate system responsive to the hydrophobicity of themedium,
we used a simple organic modification of the surface of the
silica using a long chain (C18) organosilane mainly localised at
the surface of the mSNPs.

It was postulated that in a pure hydrophilic polar environment,
the long hydrocarbon chains, owing to their hydrophobicity, will be
in a collapsed state forming a physicochemical hydrophobic barrier
hampering water diffusion and retaining the encapsulated polar
compounds. When in contact with the oil phase, the hydrophobic
hydrocarbons were expected to solvate the C18 gate and cause its
opening, resulting in the release of the encapsulated nutrients;
Fig. 1. The general synthetic route is shown in Fig. 2.

The starting mesoporous silica nanoparticles (mSNPs) were
prepared using tetraethylorthosilicate as a silica precursor and
cetyltrimethylammonium bromide as a micelle-forming porogen
surfactant.18 The latter was removed, after mSNP synthesis, by
calcination. The mSNPs produced were characterized by scanning
and transmission electron microscopies. The chemical strategy
to introduce the gatekeeper system is as follows: mSNPs, dried and
stored under vacuum, were incubated in solutions containing

increasing concentrations of urea and phosphate salt (K2HPO4),
serving respectively as sources of nitrogen and phosphorus. The
mSNPs were consequently filtered and dried; the amount of loaded
content was assessed by measuring the mass increase Fig. 3.

Our results show that, as expected, the mass loading is
linearly proportional to the concentration of the studied nutrient
in the aqueous phase. In the conditions tested with phosphate
and urea concentrations, of respectively 260 g L!1 (1.5 M) and
140 g L!1 (2.3 M), loading values as high as 320 and 190 mg g!1

of mSNPs were measured. The loaded mSNPs were consequently
transferred in a hydrophobic organic solvent (i.e., heptane) and
reacted with octadecyl-trichlorosilane; the nutrients trapped in the
mesopores of the nanoparticles could not be released owing to
their non-solubility in hydrophobic solvents. While the mSNPs did
not disperse well in the solvent at the start of the reaction, their
dispersibility drastically improved upon silanisation to yield a
homogeneous suspension. It was expected that this silanisation
reaction mainly occurred at the surface of the nanoparticles, the
reservoir environment being filled with solid urea and phosphate.

The successful silanisation reaction was confirmed by Fourier
transform infrared spectroscopy (FTIR), with the appearance of
characteristic peaks of the alkyl chain (C–H stretch at 2854 cm!1

and 2923 cm!1; ESI†). The electrokinetic potential of the mSNPs
increased from a highly negative z-potential value (!46 " 6 mV)
to a close-to-neutral value (6 " 6 mV), further confirming the
silanisation reaction (ESI†).

The release of the encapsulated nutrients was assayed by
incubating the mSNPs in water and in a solution mimicking an
oil-contaminated water environment (water/heptane mixture)
under vigorous stirring Fig. 4. Of note is that the dispersibility
of the produced systems is very low in an aqueous medium,
owing to the hydrophobicity of their surface.

Our results clearly showed that for unmodified mSNPs,
as much as 80 " 10% of phosphate is released within the first
30 min of incubation. In similar conditions, only 32 " 10% of
phosphate is released from the gated mSNPs. This initial fast
release might be attributed to the non-encapsulated material, a
slow release is afterward maintained over a period of 35 hours.
This set of results clearly demonstrates that the gate implemented
allows retaining the nutrients into the mSNPs in water and the
presence of a hydrophobic molecule such as heptane triggers the
gate opening and nutrient release. Microscopic investigations of
the mSNPs recovered after the release experiment did not reveal
any change in the morphology of the nanoparticles.

Fig. 1 Schematic representation of the concept of gate opening triggered
by an increase in the hydrophobicity of the medium.

Fig. 2 Scanning (a) and transmission (b) electron micrographs of the
mSNPs produced; scale bars represent 1 mm and 10 nm, respectively.
Synthetic strategy to produce oil-responsive mesoporous nanoparticles (c).
MCM-41 particles, placed in a vacuum, are transferred (a) in an aqueous
solution containing either urea or phosphate ions. After loading occurred
by diffusion of the aqueous solution into the pores, the loaded particles
are transferred in a heptane solution (b), and the trapped nutrients
are not released from the mesoporous structure owing to their lack of
solubility in heptane. The so-loaded particles are subsequently reacted
with OTS (g) in order to create the oil-responsive gate. It is expected that
the silanisation reaction occurred mainly at the surface of the mSNPs
owing the fact that the pores are filled with hydrophilic solids of phosphate
salts and urea.

Fig. 3 Loading of mSNPs with increasing concentrations of K2HPO4 (left)
and urea (right). In either case, a linear increase in the loaded mass is
observed when increasing the initial amount of to-be-loaded nutrients.
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environment, via a triggered gate opening. In order to achieve
such a gate system responsive to the hydrophobicity of themedium,
we used a simple organic modification of the surface of the
silica using a long chain (C18) organosilane mainly localised at
the surface of the mSNPs.

It was postulated that in a pure hydrophilic polar environment,
the long hydrocarbon chains, owing to their hydrophobicity, will be
in a collapsed state forming a physicochemical hydrophobic barrier
hampering water diffusion and retaining the encapsulated polar
compounds. When in contact with the oil phase, the hydrophobic
hydrocarbons were expected to solvate the C18 gate and cause its
opening, resulting in the release of the encapsulated nutrients;
Fig. 1. The general synthetic route is shown in Fig. 2.

The starting mesoporous silica nanoparticles (mSNPs) were
prepared using tetraethylorthosilicate as a silica precursor and
cetyltrimethylammonium bromide as a micelle-forming porogen
surfactant.18 The latter was removed, after mSNP synthesis, by
calcination. The mSNPs produced were characterized by scanning
and transmission electron microscopies. The chemical strategy
to introduce the gatekeeper system is as follows: mSNPs, dried and
stored under vacuum, were incubated in solutions containing

increasing concentrations of urea and phosphate salt (K2HPO4),
serving respectively as sources of nitrogen and phosphorus. The
mSNPs were consequently filtered and dried; the amount of loaded
content was assessed by measuring the mass increase Fig. 3.

Our results show that, as expected, the mass loading is
linearly proportional to the concentration of the studied nutrient
in the aqueous phase. In the conditions tested with phosphate
and urea concentrations, of respectively 260 g L!1 (1.5 M) and
140 g L!1 (2.3 M), loading values as high as 320 and 190 mg g!1

of mSNPs were measured. The loaded mSNPs were consequently
transferred in a hydrophobic organic solvent (i.e., heptane) and
reacted with octadecyl-trichlorosilane; the nutrients trapped in the
mesopores of the nanoparticles could not be released owing to
their non-solubility in hydrophobic solvents. While the mSNPs did
not disperse well in the solvent at the start of the reaction, their
dispersibility drastically improved upon silanisation to yield a
homogeneous suspension. It was expected that this silanisation
reaction mainly occurred at the surface of the nanoparticles, the
reservoir environment being filled with solid urea and phosphate.

The successful silanisation reaction was confirmed by Fourier
transform infrared spectroscopy (FTIR), with the appearance of
characteristic peaks of the alkyl chain (C–H stretch at 2854 cm!1

and 2923 cm!1; ESI†). The electrokinetic potential of the mSNPs
increased from a highly negative z-potential value (!46 " 6 mV)
to a close-to-neutral value (6 " 6 mV), further confirming the
silanisation reaction (ESI†).

The release of the encapsulated nutrients was assayed by
incubating the mSNPs in water and in a solution mimicking an
oil-contaminated water environment (water/heptane mixture)
under vigorous stirring Fig. 4. Of note is that the dispersibility
of the produced systems is very low in an aqueous medium,
owing to the hydrophobicity of their surface.

Our results clearly showed that for unmodified mSNPs,
as much as 80 " 10% of phosphate is released within the first
30 min of incubation. In similar conditions, only 32 " 10% of
phosphate is released from the gated mSNPs. This initial fast
release might be attributed to the non-encapsulated material, a
slow release is afterward maintained over a period of 35 hours.
This set of results clearly demonstrates that the gate implemented
allows retaining the nutrients into the mSNPs in water and the
presence of a hydrophobic molecule such as heptane triggers the
gate opening and nutrient release. Microscopic investigations of
the mSNPs recovered after the release experiment did not reveal
any change in the morphology of the nanoparticles.

Fig. 1 Schematic representation of the concept of gate opening triggered
by an increase in the hydrophobicity of the medium.

Fig. 2 Scanning (a) and transmission (b) electron micrographs of the
mSNPs produced; scale bars represent 1 mm and 10 nm, respectively.
Synthetic strategy to produce oil-responsive mesoporous nanoparticles (c).
MCM-41 particles, placed in a vacuum, are transferred (a) in an aqueous
solution containing either urea or phosphate ions. After loading occurred
by diffusion of the aqueous solution into the pores, the loaded particles
are transferred in a heptane solution (b), and the trapped nutrients
are not released from the mesoporous structure owing to their lack of
solubility in heptane. The so-loaded particles are subsequently reacted
with OTS (g) in order to create the oil-responsive gate. It is expected that
the silanisation reaction occurred mainly at the surface of the mSNPs
owing the fact that the pores are filled with hydrophilic solids of phosphate
salts and urea.

Fig. 3 Loading of mSNPs with increasing concentrations of K2HPO4 (left)
and urea (right). In either case, a linear increase in the loaded mass is
observed when increasing the initial amount of to-be-loaded nutrients.
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environment, via a triggered gate opening. In order to achieve
such a gate system responsive to the hydrophobicity of themedium,
we used a simple organic modification of the surface of the
silica using a long chain (C18) organosilane mainly localised at
the surface of the mSNPs.

It was postulated that in a pure hydrophilic polar environment,
the long hydrocarbon chains, owing to their hydrophobicity, will be
in a collapsed state forming a physicochemical hydrophobic barrier
hampering water diffusion and retaining the encapsulated polar
compounds. When in contact with the oil phase, the hydrophobic
hydrocarbons were expected to solvate the C18 gate and cause its
opening, resulting in the release of the encapsulated nutrients;
Fig. 1. The general synthetic route is shown in Fig. 2.

The starting mesoporous silica nanoparticles (mSNPs) were
prepared using tetraethylorthosilicate as a silica precursor and
cetyltrimethylammonium bromide as a micelle-forming porogen
surfactant.18 The latter was removed, after mSNP synthesis, by
calcination. The mSNPs produced were characterized by scanning
and transmission electron microscopies. The chemical strategy
to introduce the gatekeeper system is as follows: mSNPs, dried and
stored under vacuum, were incubated in solutions containing

increasing concentrations of urea and phosphate salt (K2HPO4),
serving respectively as sources of nitrogen and phosphorus. The
mSNPs were consequently filtered and dried; the amount of loaded
content was assessed by measuring the mass increase Fig. 3.

Our results show that, as expected, the mass loading is
linearly proportional to the concentration of the studied nutrient
in the aqueous phase. In the conditions tested with phosphate
and urea concentrations, of respectively 260 g L!1 (1.5 M) and
140 g L!1 (2.3 M), loading values as high as 320 and 190 mg g!1

of mSNPs were measured. The loaded mSNPs were consequently
transferred in a hydrophobic organic solvent (i.e., heptane) and
reacted with octadecyl-trichlorosilane; the nutrients trapped in the
mesopores of the nanoparticles could not be released owing to
their non-solubility in hydrophobic solvents. While the mSNPs did
not disperse well in the solvent at the start of the reaction, their
dispersibility drastically improved upon silanisation to yield a
homogeneous suspension. It was expected that this silanisation
reaction mainly occurred at the surface of the nanoparticles, the
reservoir environment being filled with solid urea and phosphate.

The successful silanisation reaction was confirmed by Fourier
transform infrared spectroscopy (FTIR), with the appearance of
characteristic peaks of the alkyl chain (C–H stretch at 2854 cm!1

and 2923 cm!1; ESI†). The electrokinetic potential of the mSNPs
increased from a highly negative z-potential value (!46 " 6 mV)
to a close-to-neutral value (6 " 6 mV), further confirming the
silanisation reaction (ESI†).

The release of the encapsulated nutrients was assayed by
incubating the mSNPs in water and in a solution mimicking an
oil-contaminated water environment (water/heptane mixture)
under vigorous stirring Fig. 4. Of note is that the dispersibility
of the produced systems is very low in an aqueous medium,
owing to the hydrophobicity of their surface.

Our results clearly showed that for unmodified mSNPs,
as much as 80 " 10% of phosphate is released within the first
30 min of incubation. In similar conditions, only 32 " 10% of
phosphate is released from the gated mSNPs. This initial fast
release might be attributed to the non-encapsulated material, a
slow release is afterward maintained over a period of 35 hours.
This set of results clearly demonstrates that the gate implemented
allows retaining the nutrients into the mSNPs in water and the
presence of a hydrophobic molecule such as heptane triggers the
gate opening and nutrient release. Microscopic investigations of
the mSNPs recovered after the release experiment did not reveal
any change in the morphology of the nanoparticles.

Fig. 1 Schematic representation of the concept of gate opening triggered
by an increase in the hydrophobicity of the medium.

Fig. 2 Scanning (a) and transmission (b) electron micrographs of the
mSNPs produced; scale bars represent 1 mm and 10 nm, respectively.
Synthetic strategy to produce oil-responsive mesoporous nanoparticles (c).
MCM-41 particles, placed in a vacuum, are transferred (a) in an aqueous
solution containing either urea or phosphate ions. After loading occurred
by diffusion of the aqueous solution into the pores, the loaded particles
are transferred in a heptane solution (b), and the trapped nutrients
are not released from the mesoporous structure owing to their lack of
solubility in heptane. The so-loaded particles are subsequently reacted
with OTS (g) in order to create the oil-responsive gate. It is expected that
the silanisation reaction occurred mainly at the surface of the mSNPs
owing the fact that the pores are filled with hydrophilic solids of phosphate
salts and urea.

Fig. 3 Loading of mSNPs with increasing concentrations of K2HPO4 (left)
and urea (right). In either case, a linear increase in the loaded mass is
observed when increasing the initial amount of to-be-loaded nutrients.
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The capacity of the mSNPs developed to stimulate and
sustain crude oil biodegradation was tested using Marinobacter
hydrocarbonoclasticus (KS-ANU5), a typical oil degrading bacterium.
To that end, artificial seawater medium19 was contaminated with
crude oil (0.5% w/v) and inoculated using KS-ANU5. The effect of N
and P controlled release by the mSNPs (equivalent of 100 mg L!1

of N and 10 mg L!1 of P) on hydrocarbon biodegradation by
Marinobacter was assessed by analysing a series of representative
alkanes and aromatic hydrocarbons present in the crude oil
studied (i.e. dodecane, tridecane, tetradecane, pentadecane,
octadecane, nonadecane, tetracosane, benzene, naphthalene,
anthracene and phenanthrene). The concentration of every
compound was measured after liquid–liquid extraction by gas
chromatography (GC); the representative results are shown in
Fig. 5 and the ESI.† As control experiments, M. hydrocarbono-
clasticus was incubated in oil-contaminated seawater containing
an only basal concentration of these nutrients and abiotic controls
were carried out in basal seawater without bacterial inoculum.

From Fig. 5, it can be seen that when compared to the biotic
controls, where only short-chain alkanes were significantly
degraded, the degradation of all quantified linear alkanes was
complete within 45 days of incubation. Remarkably, in all cases
this degradation was substantially faster when mSNPs were
added to the oil-contaminated seawater compared to biotic control
samples. This clearly demonstrated that the basal concentration of
N and P in seawater is not sufficient to support rapid and relevant
biodegradation of oil components. In abiotic controls, short
alkanes were weathered to some extent. This can be attributed to
microorganisms subsisting in the oil that was not sterile and/or to
their volatility. As expected, longer incubation durations were
necessary for the entire degradation of longer alkyl hydrocarbons
by Marinobacter. The advantage of applying mSNPs is already
noticeable for tridecane and is more marked for long alkyl chain
hydrocarbons, which are known to be more recalcitrant to
biodegradation. For example, tetracosane was entirely degraded
within 45 days whenmSNPs were applied. In the absence of mSNPs
and independent of the presence (biotic controls) or absence
(abiotic controls) of Marinobacter, the tetracosane concentration
remained mostly unchanged.

Concerning the four aromatic hydrocarbons tested, only
benzene was entirely degraded within 45 days when mSNPs
were added, while naphthalene was degraded to an extent of
approximately 40%. Only a slight degradation of these compounds
was observed in seawater containing a basal concentration of N and
P inoculated with Marinobacter, while no degradation was observed
in the absence of the model bacterium. The biodegradation
of polycyclic aromatic hydrocarbons such as anthracene and
phenanthrene was less than 10% of the initially applied con-
centration when mSNPs were added. Despite this apparent slow

Fig. 4 Phosphate release over time measured in a mixture of heptane
water subjected to stirring. Values measured for either gated particles (m)
or mSNPs (’) are normalized using total loading values measured and are
expressed as a percentage.

Fig. 5 Alkanes and aromatic hydrocarbons in abiotic controls (~) and in
inoculated samples with (") or without (’&) gated particles maintained
under gentle shaking. Control samples contained basal concentrations of
N and P, similar to that of seawater. y axes represent the ratio of the
concentration remaining at sampling time t rationalised using the initial
concentration of the tested compound. Error bars represent standard
deviations (n = 3).
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solution mimicking an oil-contaminated water environment 
(water/heptane mixture) 
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The capacity of the mSNPs developed to stimulate and
sustain crude oil biodegradation was tested using Marinobacter
hydrocarbonoclasticus (KS-ANU5), a typical oil degrading bacterium.
To that end, artificial seawater medium19 was contaminated with
crude oil (0.5% w/v) and inoculated using KS-ANU5. The effect of N
and P controlled release by the mSNPs (equivalent of 100 mg L!1

of N and 10 mg L!1 of P) on hydrocarbon biodegradation by
Marinobacter was assessed by analysing a series of representative
alkanes and aromatic hydrocarbons present in the crude oil
studied (i.e. dodecane, tridecane, tetradecane, pentadecane,
octadecane, nonadecane, tetracosane, benzene, naphthalene,
anthracene and phenanthrene). The concentration of every
compound was measured after liquid–liquid extraction by gas
chromatography (GC); the representative results are shown in
Fig. 5 and the ESI.† As control experiments, M. hydrocarbono-
clasticus was incubated in oil-contaminated seawater containing
an only basal concentration of these nutrients and abiotic controls
were carried out in basal seawater without bacterial inoculum.

From Fig. 5, it can be seen that when compared to the biotic
controls, where only short-chain alkanes were significantly
degraded, the degradation of all quantified linear alkanes was
complete within 45 days of incubation. Remarkably, in all cases
this degradation was substantially faster when mSNPs were
added to the oil-contaminated seawater compared to biotic control
samples. This clearly demonstrated that the basal concentration of
N and P in seawater is not sufficient to support rapid and relevant
biodegradation of oil components. In abiotic controls, short
alkanes were weathered to some extent. This can be attributed to
microorganisms subsisting in the oil that was not sterile and/or to
their volatility. As expected, longer incubation durations were
necessary for the entire degradation of longer alkyl hydrocarbons
by Marinobacter. The advantage of applying mSNPs is already
noticeable for tridecane and is more marked for long alkyl chain
hydrocarbons, which are known to be more recalcitrant to
biodegradation. For example, tetracosane was entirely degraded
within 45 days whenmSNPs were applied. In the absence of mSNPs
and independent of the presence (biotic controls) or absence
(abiotic controls) of Marinobacter, the tetracosane concentration
remained mostly unchanged.

Concerning the four aromatic hydrocarbons tested, only
benzene was entirely degraded within 45 days when mSNPs
were added, while naphthalene was degraded to an extent of
approximately 40%. Only a slight degradation of these compounds
was observed in seawater containing a basal concentration of N and
P inoculated with Marinobacter, while no degradation was observed
in the absence of the model bacterium. The biodegradation
of polycyclic aromatic hydrocarbons such as anthracene and
phenanthrene was less than 10% of the initially applied con-
centration when mSNPs were added. Despite this apparent slow

Fig. 4 Phosphate release over time measured in a mixture of heptane
water subjected to stirring. Values measured for either gated particles (m)
or mSNPs (’) are normalized using total loading values measured and are
expressed as a percentage.

Fig. 5 Alkanes and aromatic hydrocarbons in abiotic controls (~) and in
inoculated samples with (") or without (’&) gated particles maintained
under gentle shaking. Control samples contained basal concentrations of
N and P, similar to that of seawater. y axes represent the ratio of the
concentration remaining at sampling time t rationalised using the initial
concentration of the tested compound. Error bars represent standard
deviations (n = 3).
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The capacity of the mSNPs developed to stimulate and
sustain crude oil biodegradation was tested using Marinobacter
hydrocarbonoclasticus (KS-ANU5), a typical oil degrading bacterium.
To that end, artificial seawater medium19 was contaminated with
crude oil (0.5% w/v) and inoculated using KS-ANU5. The effect of N
and P controlled release by the mSNPs (equivalent of 100 mg L!1

of N and 10 mg L!1 of P) on hydrocarbon biodegradation by
Marinobacter was assessed by analysing a series of representative
alkanes and aromatic hydrocarbons present in the crude oil
studied (i.e. dodecane, tridecane, tetradecane, pentadecane,
octadecane, nonadecane, tetracosane, benzene, naphthalene,
anthracene and phenanthrene). The concentration of every
compound was measured after liquid–liquid extraction by gas
chromatography (GC); the representative results are shown in
Fig. 5 and the ESI.† As control experiments, M. hydrocarbono-
clasticus was incubated in oil-contaminated seawater containing
an only basal concentration of these nutrients and abiotic controls
were carried out in basal seawater without bacterial inoculum.

From Fig. 5, it can be seen that when compared to the biotic
controls, where only short-chain alkanes were significantly
degraded, the degradation of all quantified linear alkanes was
complete within 45 days of incubation. Remarkably, in all cases
this degradation was substantially faster when mSNPs were
added to the oil-contaminated seawater compared to biotic control
samples. This clearly demonstrated that the basal concentration of
N and P in seawater is not sufficient to support rapid and relevant
biodegradation of oil components. In abiotic controls, short
alkanes were weathered to some extent. This can be attributed to
microorganisms subsisting in the oil that was not sterile and/or to
their volatility. As expected, longer incubation durations were
necessary for the entire degradation of longer alkyl hydrocarbons
by Marinobacter. The advantage of applying mSNPs is already
noticeable for tridecane and is more marked for long alkyl chain
hydrocarbons, which are known to be more recalcitrant to
biodegradation. For example, tetracosane was entirely degraded
within 45 days whenmSNPs were applied. In the absence of mSNPs
and independent of the presence (biotic controls) or absence
(abiotic controls) of Marinobacter, the tetracosane concentration
remained mostly unchanged.

Concerning the four aromatic hydrocarbons tested, only
benzene was entirely degraded within 45 days when mSNPs
were added, while naphthalene was degraded to an extent of
approximately 40%. Only a slight degradation of these compounds
was observed in seawater containing a basal concentration of N and
P inoculated with Marinobacter, while no degradation was observed
in the absence of the model bacterium. The biodegradation
of polycyclic aromatic hydrocarbons such as anthracene and
phenanthrene was less than 10% of the initially applied con-
centration when mSNPs were added. Despite this apparent slow

Fig. 4 Phosphate release over time measured in a mixture of heptane
water subjected to stirring. Values measured for either gated particles (m)
or mSNPs (’) are normalized using total loading values measured and are
expressed as a percentage.

Fig. 5 Alkanes and aromatic hydrocarbons in abiotic controls (~) and in
inoculated samples with (") or without (’&) gated particles maintained
under gentle shaking. Control samples contained basal concentrations of
N and P, similar to that of seawater. y axes represent the ratio of the
concentration remaining at sampling time t rationalised using the initial
concentration of the tested compound. Error bars represent standard
deviations (n = 3).
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risk dispersion to 
surface water

In situ management of contaminated sediments: Capping
Action mechanism of sand: 
• Armors sediment for containment
• Separates contaminants from 

benthic organisms
• Reduces diffusive/advective flux
• Provides opportunities for habitat 

development.

 

risk dispersion to 
groundwater 

risks for humans & 
ecology  

Capping with 
0,5 m sand 



Objectives:

•Physical isolation of sediment contaminants

•Reduce contaminant flux to benthos

Active capping can enhance chemical isolation

Reactive
layer

Organoclay
(low soluble 
organics and NAPL)

Activated carbon
(soluble organics 
and some metals)

Apatite
(heavy metals)

Zero-valent Iron

Combinations of 
the above

In situ management of contaminated sediments: Capping
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ü Bioremediation of sediments is challenged by the lack of oxygen which is 
needed to “activate” hydrocarbons and sustain their fast biodegradation

ü dimensionally stable anodes (i.e., Ti mesh electrodes coated with mixed 
metal oxides) are deployed within the contaminated sediment and 
exploited to generate oxygen from seawater electrolysis

è Rates of O2 production can be controlled finely and easily

Bioelectrochemical stimulation of aerobic 
hydrocarbons biodegradation in sediments

Bellagamba M. et al. New Biotechnology 2016. doi: 10.1016/j.nbt.2016.03.003
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2	e-	 2	e-	 Electrolysis (2 V) results in an 
increased redox potential of 
the marine sediment

Bioelectrochemical stimulation of aerobic 
hydrocarbons biodegradation in sediments

confined in the proximity of the anode surface, rather it spread out
significantly, almost in the whole sediments.

Besides the ORP, water electrolysis also displayed a remarkable
effect on the sediment pH (Fig. 2b). Specifically, while in the
control treatments (‘C’ and ‘OCP’) the pH remained in the range
from 7.5 to 7.8 throughout the whole sediment, in the ‘electrified’
treatments (‘c-ELECTRO’ and ‘i-ELECTRO’) the pH gradually
decreased with depth, consistent with protons generation at the
anode (from water oxidation) coupled to their slow transport
across the sediment, due to the absence of a convective flow.
Notably, the treatment ‘c-ELECTRO’ displayed the steepest pH
gradient, with the pH reaching a value of 5.9 in the proximity of the
anode (i.e., the bottom of the jar). By contrast, in the treatment ‘i-
ELECTRO’ (both during polarization and non-polarization phases)
the pH remained well above 6.3 throughout the sediment.

Sulfate reduction

At fixed times (i.e., day 0; day 38; day 72; day 104 and day 202),
the liquid phase over the sediment was collected from each jar and
was analyzed by IC for determination of seawater anions, with
main attention being paid at sulfate which is a key respiratory
electron acceptor in marine environments.

Figure 3a shows the change in the relative sulfate concentration
over time in the different treatments. In the control treatments (‘C’
and ‘OCP’), after an initial lag phase of approximately 70 days, a
rapid consumption of sulfate was observed. On day 202, 75% of the
initial sulfate (approximately 3800 mg/L) was removed in treat-
ment ‘C’ and about 95% in treatment ‘OCP’. On the contrary sulfate-
reduction was remarkably reduced in all ‘electrified’ treatments
(‘c-ELECTRO’ and ‘i-ELECTRO’), most likely due to the higher redox
potential (linked to the electrolytic oxygen generation), which
adversely affected the activity of autochthonous sulfate reducing
populations. A visual inspection of the different jars, carried at the
end of the experimental period (Fig. 3b), revealed an extensive
formation of black precipitates (likely iron sulfides) across the
whole sediment, in agreement with sulfate consumption data; by
contrast only a relatively thin black layer confined near the water–
sediment interface was noticed in the electrified treatments, also
in agreement with analytical sulfate concentration data.

Total petroleum hydrocarbons (TPH) removal

On day 0, 38, 104 and 202, the different treatments were also
sampled in order to determine (by GC–MS following accelerated
solvent extraction with an acetone:hexane mixture) the residual

Figure 2. Depth-oriented ORP (a) and pH (b) profiles recorded, for the different
treatments, after 104 days of operation.

Figure 3. (a) Time evolution of the relative sulfate concentration (C/C0) in the
different treatments. Error bars represent the standard error of replicate samples.
(b) Visual observation (on day 202), of the formation of black precipitates in the
different treatments.
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the liquid phase over the sediment was collected from each jar and
was analyzed by IC for determination of seawater anions, with
main attention being paid at sulfate which is a key respiratory
electron acceptor in marine environments.

Figure 3a shows the change in the relative sulfate concentration
over time in the different treatments. In the control treatments (‘C’
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rapid consumption of sulfate was observed. On day 202, 75% of the
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reduction was remarkably reduced in all ‘electrified’ treatments
(‘c-ELECTRO’ and ‘i-ELECTRO’), most likely due to the higher redox
potential (linked to the electrolytic oxygen generation), which
adversely affected the activity of autochthonous sulfate reducing
populations. A visual inspection of the different jars, carried at the
end of the experimental period (Fig. 3b), revealed an extensive
formation of black precipitates (likely iron sulfides) across the
whole sediment, in agreement with sulfate consumption data; by
contrast only a relatively thin black layer confined near the water–
sediment interface was noticed in the electrified treatments, also
in agreement with analytical sulfate concentration data.
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On day 0, 38, 104 and 202, the different treatments were also
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solvent extraction with an acetone:hexane mixture) the residual
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• Up to 3-fold enhancement of total hydrocarbons 
biodegradation compared to control sediments

• Energy consumption amounts to 0.11 KWh 
energy consumed per kg TPH degraded

• Cost of anode material (≈ 1k€/ m2 geometric 
surface area) represents a possible bottleneck

è in view of field-scale application, the 
determination of the radius-of-influence of the 
technology becomes critically important!

Bioelectrochemical stimulation of aerobic 
hydrocarbons biodegradation in sediments

concentration of TPH in the sediments (Fig. 4a). Importantly, after
202 days of operation, ‘electrified’ systems displayed a substan-
tially higher extent of hydrocarbon removal (i.e., 58 ! 3% and
59 ! 2% of TPH degradation in treatments ‘c-ELECTRO’ and ‘i-
ELECTRO’, respectively) compared to the ‘non-electrified’ controls
(i.e., 36 ! 3% and 44 !1% of TPH degradation in treatments ‘C’ and
‘OCP’, respectively). Most probably, in ‘non-electrified’ control
treatments, the observed TPH removal was linked to the activity
of autochthonous sulfate reducing populations. Indeed, a previ-
ous mesocosm study carried out on the same ‘Messina Harbour’
sediment, spiked with Bunker C furnace fuel oil, revealed a
strong enrichment in sulfate-reducing, hydrocarbon-degrading
populations [15]. Unfortunately, the applied analytical methods
did not allow identifying metabolites resulting from the
electricity-driven biodegradation of petroleum hydrocarbons
and accordingly reconstructing a tentative biodegradation
pathway. Therefore, it could not be ascertained whether the
removed TPH were completely oxidized to carbon dioxide and
water.

The cumulative TPH removal rate was also calculated for
each treatment, confirming that the ‘electrified’ systems exhib-
ited higher rates of hydrocarbon degradation compared to the
control ones (Fig. 4b). In particular, after 40 days of operation,
the rate of TPH degradation in the ‘electrified’ treatments was
similar between ‘c-ELECTRO’ and ‘i-ELECTRO’ and approximately
3-fold higher than in the ‘non-electrified’ controls. In spite of that,
however, the rate of TPH degradation gradually decreased over

time, possibly due to the depletion of the most easily
biodegradable oil components and consequent accumulation of
the most resistant and/or poorly bioavailable fractions, and/or to
the loss of catalytic activity of the electrodes. Collectively, these
findings provide a straightforward confirmation of the effective-
ness of the proposed electrolysis-based approach to accelerate
hydrocarbons biodegradation in contaminated sediments
through stimulation of the aerobic metabolism of autochthonous
microbial populations.

Molecular analysis of the microbial communities

At the end of the study, a sediment core was taken from each
jar and processed for the identification by CARD-FISH of the main
microbial components. Analyses revealed the predominance of
g-, and d-proteobacteria in all treatments. In spite of that,
however, g-proteobacteria were apparently more abundant in
‘electrified’ treatments (45 ! 7 and 27 !6% of DAPI-stained cells
in treatment ‘c-ELECTRO’ and ‘i-ELECTRO’, respectively) com-
pared to the open circuit controls (19 ! 4 and 22 ! 3 in treatment
‘OCP’ and ‘C’, respectively). Taking into consideration that the
majority of aerobic hydrocarbon-degrading bacteria belong to the
subclass of g-proteobacteria [11], this finding provides an
additional line of evidence on the positive effect of electrolysis
in stimulating the aerobic metabolism of autochthonous TPH-
degrading communities.

Figure 4. Time evolution of (a) TPH concentration (mg/g) and cumulative rate of
TPH removal (b) in the different treatments. Error bars represent the SE of replicate
samples.

Figure 5. Current density (calculated with respect to the geometric surface area of
the anode) (a) and cumulative energy consumption (b) in ‘electrified’ treatments.
Due to a technical problem, from day 38 to day 72 both systems remained at open
circuit conditions.
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A single conductive material (the snorkel) positioned suitably to create an
electrochemical connection between the anoxic zone (the contaminated
sediment) and the oxic zone (the overlying O2-containing water). The segment
of the electrode buried within the sediment plays a role of anode, accepting
electrons deriving from the oxidation of contaminants. Electrons flow through
the snorkel up to the part exposed to the aerobic environment (the cathode),
where they reduce oxygen to form water.

Bioelectrochemical stimulation of anaerobic 
hydrocarbons biodegradation in sediments

Cruz Viggi et al. The “Oil-Spill Snorkel” for in situ bioremediation of hydrocarbons

FIGURE 1 | (A) Conceptual illustration of the “Oil-Spill Snorkel.” The segment of the electrode that is buried within the sediment serves as an anode, accepting the
electrons deriving from the microbiological oxidation of contaminants and other reduced species. Electrons flow through the conductive material up to the portion
exposed to the aerobic environment (i.e., the cathode), where they reduce oxygen to form water. (B) Picture of the experimental setup.

of the sediment while preserving a large fraction of the sediment
microbial communities.

The so-prepared contaminated sediment was used to setup
sacrificial microcosms in 120-mL serum bottles. Each bottle was
filled (starting from the bottom) with 50 g of contaminated
sediment, 40 g of clean sand, 10 g of Norit granular activated
carbon (serving as oxygen reduction catalyst; Zhang et al.,
2009, 2011; Watson et al., 2013), and 40 mL of oxygenated
seawater from the site. Graphite rods, one or three depending
on the treatment (7.5 cm length, 0.6 cm diameter, Sigma–
Aldrich, Italy) were also inserted vertically through the layers of
the different materials to create the electrochemical connection
between the anoxic sediment and the oxygenated overlaying
water (Figures 1A,B). Five different treatments were setup,
namely: treatment “S3” which contained three graphite rods,
treatment “S” which contained one graphite rod, treatment “C”
(biotic control) which contained no graphite rods, treatment “B3”
(autoclaved control) which contained three graphite rods and was
autoclaved (120◦C for 1 h) on three successive days and treatment
“B” (autoclaved control) which contained one graphite rod and
was also autoclaved (120◦C for 1 h) on three successive days
(Figure 1B).

Once prepared all the microcosms were statically incubated
in the dark in a temperature-controlled room at 20 ± 1◦C.
Weekly, the headspace of the bottles was analyzed for
oxygen consumption and carbon dioxide evolution by gas-
chromatography (GC) with thermal conductivity detector
(TCD), as described in the following “Analytical Methods”
section. Every time the analyses indicated that oxygen
concentration was below 5% (v/v), it was re-added by
flushing the headspace with air. At fixed times, one bottle
from each treatment was sacrificed: the sediment was
analyzed (upon liquid–solid extraction) by GC and flame
ionization detector (FID) for quantification of hydrocarbons;
the liquid phase was analyzed by ion chromatography (IC)

for quantification of seawater anions. The abundance and
composition of the biomass in the sediment and attached to
the graphite rods was also analyzed by in situ hybridization
techniques.

Analytical Methods
Concentration of oxygen and carbon dioxide in the headspace
of the microcosms was analyzed by injecting 50 µL of gaseous
samples, taken with a gastight syringe (Hamilton, Reno, NV,
USA), into a Perkin–Elmer Auto System GC (stationary phase:
stainless-steel column packed with molecular sieve (Supelco,
USA); carrier gas: N2 at 20 mL/min; oven temperature: 225◦C;
injector temperature: 200◦C; thermal conductivity detector
(TCD) temperature: 200◦C).

The anions in the liquid phase were determined by injecting
a filtered sample (0.22 µm porosity) into an IC (IonPac
AS14 analytical column, Dionex DX-100 system, Dionex Corp.,
Sunnyvale, CA, USA).

Quantification of total petroleum hydrocarbons (TPH) in
the sediment was performed by GC-FID, upon liquid–solid
extraction. In brief, sediment samples (∼5 g) were air dried and
extracted with a Dionex ASE 200 (Dionex Corp., Sunnyvale,
CA, USA) using an acetone:hexane (1:1 v/v) mixture at 100◦C
and a system pressure of 1500 psi. The obtained extract
was evaporated under nitrogen flow and then re-dissolved in
10 mL of an n-heptane solution containing n-dodecane (n-C12)
and n-tetracontane (n-C40), each at 10 mg/L, as integration
markers for the GC analysis. Subsequently, the heptane solution
was purified using solid phase extraction cartridges filled
with Florisil R⃝ and anhydrous sodium sulfate (Chromabond R⃝

Na2SO4/Florisil R⃝ , 6 mL polypropylene columns, 2g/2g) to
remove polar components and non-petroleum compounds.

A sample (1 µL) of the purified solution was injected (in
pulsed splitless mode) into a GC-FID (Perkin Elmer Clarus 480;
column: HP-5 (Agilent) 30 m, ID 0.25 mm, df 0.25 µm; carrier
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Bioelectrochemical stimulation of anaerobic 
hydrocarbons biodegradation in sediments
The snorkel promote the oxidation of organic matter in the sediment (higher O2
consumption and CO2 accumulation in the water phase)

C: biotic control
S1–S3: 1-3 snorkels
B1-B3: sterile controls
with 1-3 snorkels

Cruz Viggi et al. The “Oil-Spill Snorkel” for in situ bioremediation of hydrocarbons

FIGURE 2 | Cumulative oxygen consumption (A) and carbon dioxide evolution (B) in the different treatments. Error bars represent the SE of replicate
incubations.

observed in autoclaved treatments (i.e., “B3,” “B”), hence proving
an additional line of evidence of the inefficiency of the thermal
treatment for microcosm sterilization. Finally, throughout the
incubation negligible methane formation was observed in all
treatments.

Sulfate Consumption
At fixed times (i.e., day 0; day 200; day 417), one bottle from
each treatment was sacrificed and the liquid phase was analyzed
by IC for determination of seawater anions, with main attention
being paid at sulfate which is a key respiratory electron acceptor
in marine environments.

Analyses revealed the occurrence of sulfate reduction in all the
biotic treatments (“C,” “S3,” “S”), but not in the autoclaved ones
(“B” and “B3”; Figure 3). Notably, sulfate reduction in treatment
“C” was substantially higher (p < 0.05; two-tailed t-test) than
in the “snorkels,” with 82 ± 9% of sulfate removal in 417 days
compared with 51 ± 6 and 30 ± 3% of sulfate removal in
treatment “S3” and treatment “S,” respectively. On day 417, the
observed difference between treatment “S” and treatment “S3”
was found to be not statistically significant (p = 0.16, two-tailed
t-test).

Total Petroleum Hydrocarbons (TPH)
Degradation
On day 0, 200, and 417, the different treatments were also
analyzed to determine (by GC-FID following accelerated solvent
extraction with an acetone:hexane mixture) the concentration
of TPH in the sediments. The initial (day 0) concentration of
TPH in the different microcosms was the following (in mg/g
of dry sediment): treatment “C” = 12.3 ± 0.20; treatment
“S” = 11.8 ± 1.01; treatment “S3” = 11.9 ± 0.12; treatment
“B” = 12.1 ± 0.14; treatment “B3” = 11.3 ± 0.11.

After 200 days of incubation, while a negligible degradation of
TPH was noticed in snorkel-free biotic and autoclaved controls,
a significant reduction of 12 ± 1% (p = 0.004) and 21 ± 1%

FIGURE 3 | Relative sulfate concentration in the different treatments,
measured after 0, 200, and 417 days of incubation. Error bars represent
the SE of replicate samples. Statistically significant differences (with respect to
the corresponding values of treatment “C”) are noted at the ∗p = 0.05
thresholds from two-tailed t-test.

(p = 0.001) was observed in microcosms containing one and
three snorkels, respectively (Figure 4). This important finding
provides a straightforward confirmation of the effectiveness of the
proposed approach to accelerate hydrocarbons biodegradation in
contaminated sediments.

Following a more prolonged incubation (day 417), an
extensive degradation of TPH occurred in all treatments,
including the autoclaved controls (i.e., treatment “B” and “B3”),
with removals exceeding 80% in most treatments (Figure 4). In
correspondence to this last sampling time, the beneficial effect of
the “snorkels” was no longer evident (Figure 4).

Most probably, over time the rate of microbiological reactions
taking place in the bulk of the sediment, driven by sulfate and/or
the oxygen steadily dissolving from the headspace of the bottles,
exceeded the rate of electrode-driven reactions. This was likely
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The snorkel slows down
sulfate-reduction

Cruz Viggi et al. The “Oil-Spill Snorkel” for in situ bioremediation of hydrocarbons

FIGURE 4 | Relative total petroleum hydrocarbon (TPH) concentration
(C/C0) in the different treatments measured after 0, 200, and 417 days
of incubation. Error bars represent the SE of replicate samples. Statistically
significant differences (with respect to the corresponding values of treatment
“C”) are noted at the ∗p = 0.05 and ∗∗p = 0.01 thresholds from two-tailed
t-test.

due to a number of factors such as the relatively low surface
area of electrodes compared to the amount of sediment used and
the batchwise type of incubation which limited the possibility
to consistently maintain a spatial separation between the oxic
and the anoxic zones. On the other hand, it cannot be excluded
that the rate of electrodic reactions also decreased over time due
to a gradual passivation of the electrodic surfaces induced by
deposition of non-conductive minerals such as sulfides.

Microbiological Characterization by
CARD-FISH
A whole-cell detection method was applied for the
characterization of the microbial communities growing in
the sediment and at the surface of the graphite rods (i.e., “the
snorkels”) in the different microcosms. As shown in Figure 5A,
near the totality of the microbial population in the sediment
was composed of Bacteria, with a ratio Bacteria/total DAPI
stained cells ranging between 83 and 99%. The abundance
of total microbial cells and Bacteria in the sediment samples
from the live control (treatment “C”) and from the microcosms
containing the “snorkel(s)” (treatment “S” and “S3”) increased
over time, ultimately reaching a similar value of around 5 × 107
cells per gram of sediment at the end of the incubation (i.e., day
417; Figure 5A). A statistically relevant difference among the
treatments was observed on day 200 whereby the concentration
of total cells in the microcosms containing the snorkel(s) was
higher than in the corresponding control (4.4 ± 0.4 × 107 and
4.5 ± 0.4 × 107 cells per gram of sediment in treatment “S”
and “S3,” respectively, versus 3.1 ± 0.3 × 107 cells per gram
of sediment in treatment “C”; p < 0.001 for both “S” and “S3”
treatments, two-tailed t-test; Figure 5A).

In accordance with oxygen consumption, CO2 evolution, and
TPH degradation data, an increase in total cells and Bacteria was
observed also in the autoclaved controls (treatment “B” and “B3”)
confirming the occurrence of growth of microorganisms resistant
to the thermal sterilization treatment. However, the total cell

concentration was substantially lower than in the non-autoclaved
treatments (p < 0.001, two-tailed t-test; Figure 5A). This finding
is in line with previous studies which showedmicrobial activity in
sediment samples also after several serial sterilization treatments
(O’Sullivan et al., 2015). Consistent with the lack of methanogenic
activity in the microcosms, no archaeal cells were detected by
CARD-FISH.

The structure of the sediment biomass was further detailed
by using group specific probes (Figure 5B). Deltaproteobacteria
were the main component in the live microcosms (“C,” “S,”
and “S3”), accounting from 44 to 57% of total Bacteria at the
end of the incubation (Figure 5B). Since many sulfate-reducing
bacteria (SRB) are affiliated to deltaproteobacteria, this finding
is consistent with the occurrence of active sulfate reduction
in the live microcosms. SRBs include a variety of different
families like Desulfovibrionaceae, Desulfobacteriaceae, and
Syntrophobacteraceae often found responsible of oil degradation
in contaminated sediments (Miyatake et al., 2009; Sherry et al.,
2013; Cravo-Laureau and Duran, 2014; Genovese et al., 2014).

Differently from live microcosms, gammaproteobacteria (up
to 45.3% of total bacteria) and alphaproteobacteria (up to 53%)
were the main bacterial components in the autoclaved treatments
“B” and “B3.” Several aerobic marine hydrocarbon-degrading
bacteria, affiliated to gammaproteobacteria have been described
in the literature (Yakimov et al., 2007). Accordingly, the extensive
TPH degradation observed in autoclaved treatments (at least
after 417 days of incubation) can probably be attributed to these
microorganisms, which likely used the oxygen slowing diffusing
into the sediment from the headspace of the microcosms.

Deltaproteobacteria were the main bacterial component soon
after the autoclaving together with a large portion of bacteria not
identified with the group specific probes applied in this study.
Autoclave-surviving SRB were recently described in sediment
slurries due to the widespread occurrence of bacterial spores
in marine sediment (O’Sullivan et al., 2015). The thermal
treatment negatively impacted on the survival of some of the
groups originally present in the untreated sediment (to) such as
Chloroflexi and Bacteroidetes which almost disappeared in the
sediment after autoclaving (Figure 5B).

The biofilm growing attached to the surface of the graphite
rods (the segment buried within the sediment) also primarily
consisted of Bacteria. Overall, the total amount of cells detached
from the surface of the graphite rods in treatment “S” and “S3”
was over four-times higher (p < 0.05, two-tailed t-test) than that
detached from the graphite rods in the autoclaved treatments “B”
and “B3” (e.g., 8.0 × 107 cells from treatment “S” vs. 2.0 × 107
cells from treatment “B”).

At the end of the incubation, in all treatments the
biofilm primarily consisted of alphaproteobacteria (accounting
for around 25–35% of total Bacteria), gammaproteobacteria
(accounting for around 30–50% of total Bacteria) and, although
to a minor extent, deltaproteobacteria (accounting for around
15–30% of total Bacteria; Figure 6). In the autoclaved
treatments (“B” and “B3”) a significant fraction (up to
35%) of total Bacteria remained unidentified (Figure 6).
Interestingly, the predominance of alphaproteobacteria and
gammaproteobacteria at the surface of the graphite rods suggests
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The snorkel increases the initial rate of
hydrocarbons biodegradation

Viggi et al., 2015, Frontiers 
in Microbiology6(SEP),881



Bioelectrochemical stimulation of anaerobic 
hydrocarbons biodegradation in sediments

Cruz Viggi et al. The “Oil-Spill Snorkel” for in situ bioremediation of hydrocarbons

TABLE 1 | Results of X-ray photoelectron spectroscopy (XPS) analysis of untreated graphite rod and snorkels from the treatments “S” and “B.”

Carbon (1s) Oxygen (1s) Nitrogen (1s) Sulfur (2p) Iron (2p)

Chemical bond Graphitic C = O,C-N Oxides C = NH
C-NH2

NH3

NH2OH
Sulfide Sulfate Fe3+

Untreated graphite rod (atomic %) 100.0 – – – – – – –

Snorkel treatment “S” (atomic %) 68.0 7.4 15.5 3.3 2.9 0.2 0.6 2.1

Snorkel treatment “B” (atomic %) 98.3 – – – 1.3 0.1 0.3 –

FIGURE 7 | Tentative model depicting the effects of the “snorkel” on chemical and microbiological reactions taking place in a petroleum
hydrocarbon contaminated sediment.

Consistently, also the initial rate of petroleum hydrocarbons
biodegradation was substantially increased, even though upon
extended incubation (over 400 days) the final hydrocarbons
removal was similar among treatments. Probably, a greater
beneficial effect of the snorkel could be obtained in larger-scale
and continuous-flow systems in which the spatial separation
between the oxic and anoxic redox zones can be stably
maintained over time.

A striking effect of the snorkel was also noticed on sulfate
reduction which proceeded at slower rates in treatments
containing the electrode(s). A possible explanation for this
finding is the preferential use of the “snorkel” over sulfate
as respiratory electron acceptor for the oxidation of organic
substrates in the sediment. In principle, this hypothesis
is consistent with the higher redox potential of oxygen
(E◦’ O2/H2O = +0.82 V), which is the ultimate sink for
electrons released to the snorkel, compared to sulfate (E◦’
SO4

2−/HS− = –0.217 V).
On the other hand, another possible explanation is that the

“snorkels” facilitate the back-oxidation (to sulfate) of the sulfide
generated in the sediment from the activity of sulfate-reducing
microorganisms, hence resulting in an apparently lower sulfate
reduction. However, under abiotic (purely electrochemical)
conditions sulfide is only partially oxidized to elemental sulfur
(Rabaey et al., 2006; Dutta et al., 2008; Sun et al., 2009); hence,

the complete conversion of sulfide to sulfate requires the initial
abiotic step (from sulfide to elemental sulfur) to be followed
by the microbiological oxidation of elemental sulfur to sulfate
(Gong et al., 2013). Recently, a number of microorganisms
such as Desulfobulbus propionicus (Holmes et al., 2004a,b) and
Desulfuromonas strain TZ1(Zhang et al., 2014) with the capability
to oxidize elemental sulfur using a graphite electrode as direct
electron acceptor have been described in the literature.

At present, it is unclear whether the effect of the snorkel
on hydrocarbons biodegradation was direct (e.g., the graphite
electrode served as a direct electron acceptor for hydrocarbons
oxidation), indirect (e.g., the electrode somehow stimulated
the activity of hydrocarbon-oxidizing sulfate-reducing
bacteria) or both. To specifically address this issue, future
research efforts will have to focus on the identification of
involved biochemical pathways of hydrocarbons activation and
biodegradation, through for instance the detection of signature
metabolites.

An interesting finding of the study was the formation on the
surface of the snorkels of a Fe3+-rich, reddish biofilm dominated
(among the others) by deltaproteobacteria which could be an
indirect indication that the biofilm was capable to engage in
extracellular electron transfer processes with the electrode. More
specific (bio)electrochemical investigations are, however, needed
to confirm this intriguing hypothesis.
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Still unclear whether the effect of the snorkel on hydrocarbons biodegradation is 
direct (e.g., the graphite electrode served as a direct electron acceptor for 
hydrocarbons oxidation), indirect (e.g., the electrode somehow stimulated the 
activity of hydrocarbon-oxidizing sulfate-reducing bacteria) or both. 

Viggi et al., 2015, Frontiers 
in Microbiology6(SEP),881
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Surfactants can
enhance the
bioavailability of
PCBs through12:

a)micellar-
solubilization (at
concs.³ CMC);

b) reducing the
interfacial tension
between water and
the solid-adsorbing
phase;

c) swelling of the
organic matter.

The issue of pollutant bioavailability in contaminated sediments
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• Rhamnolipids
• Sophorolipids

• Soy lecithin (TEXTROL F-10 ; HLB=4)
• Deoiled soy lecithin (SOLEC C ; HLB=7)

• Hydroxy propyl-β-cyclodextrins (HPB-CD)
• Randomly methylated β-cyclodextrins (RAMEB-CD)

• Bile acids (cholic acid, taurocholic acid, glycocholic acid, 
deoxycholic acid, etc.)

Potential biogenic surfactants/pollutant mobilising agents for 
increasing bioavailabiliity and biodegradation



Measurement of oil hydrocarbons bioavailability (pore-water 
concentration in a contaminated sediment

passive sampling with polydimethylsiloxane (PDMS) fibers.

558.8 µm outer diameter, 486 µm inner diameter (i.e., annulus of PDMS 35.4
µm; fiber volume 0.597 µL/cm)

Fibers (5 cm) are incubated in the sediment and replaced every
20 days.
After elution into organic solvent (hexane), n-alkanes
concentration is analyzed via GC-FID and the pore-water
concentration is calculated using fiber/water partition
coefficients for oil hydrocarbons.



Effects of biogenic surfactants/pollutant mobilising agents oil 
hydrocarbons biodegradation in a contaminated marine 

sediment

Extensive biodegradation (80 to 88%) occurred in the presence of cyclodextrins and 
sophorolipids, and to less extent, of soy lecithins.

Higher MW hydrocarbons were preferentially degraded in the presence of 
sophorolipids and soy lecithins.
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Biodegradation of n-alkanes (nC10-nC33): 40 weeks of incubation
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Test 1

Test 2

RAMEB-CD, HPB-CD and Textrol F reduce the adsorption rate of n-alkanes in 
the Gela sediment after 60 days of incubation.
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different biosurfactants



To test their effect on adsorbed n-alkanes, RAMEB-CD, HPB-CD and Textrol F were added to the un-
amended controls, Sophorolipids and Rhamnolipids microcosms of the Test 1, respectively, after 
adsorption of spiked n-alkanes was completed: 
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Before biosurfactants spike After biosurfactants spike

Un-amended controls           à RAMEB-CD (5g/kg sed.)

Sophorolipids à HPB-CD (5g/kg sed.)
Rhamnolipids à Textrol F (5g/kg sed.)

RAMEB-CD and, to less extent HPB-CD, increase the bioavailability of adsorbed n-
alkanes.

Porewater concentration of adsorbed n-alkanes after 
biosurfactant re-spike



§ Organic Systems: natural or synthetic polymers.

pHEMA, PVA, Chitosan, Gelatin, Agar, guar gum, etc…

Diffusion  and/or degradation (hydrogel or 
microcapsule)

Polymer degradation 

Proteins, polysaccarides, PLA, PGA, PHB ….

Surfactant
release

Diffusion Polymer
degradation

Enzymatic
degradation Hydrolysis

Bulk erosion Surface
erosion

Combination

Combination

Encapsulation and release of 
surfactants



PBS-encaspulated sophorolipids 

Encapsulated surfactants 

HPB-CD in hydrogel
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1 g of PBS microspheres was incubated 
statically at 20 °C in 100 mL of sterile 
water.
The tests were conducted in duplicate.

Approximately 76% of total sophorolipids
were released in the water after 38 days of 
incubation. 
Shorter monitoring intervals are required.

Maximum expected concentration (complete surfactant release): 0.3 g/L

Sophorolipids microspheres: Release of surfactant 
in sterile water



96 capsules with the same concentration of HPB-CD (50 g/L) and different
concentration of agar (5, 15 and 50 g/L) were incubated statically at 20 °C in 200 mL
of sterile marine water.
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Maximum expected concentration (complete surfactant release): 4.8 g/L 

Release of HPB-CD from hydrogel capsules

1. Increasing agar concentration reduces the release of HPB-CD.
2. 50-70% (depending on agar concentration) of HPB-CD is released within the first 8 hours.



Release of HPB-CD from agar-capsules Release of sophorolipids from PBS-microspheres
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Approx. 81% of total 
sophorolipids were released 
in sand slurries after 65 days 
of incubation.

Approx. 87% of total HPB-CD released 
after 65 days of incubation.
Slower release when capsules are 
surrounded by sediment: possible 
limitations to diffusion

Application of encapsulated surfactants in sand slurries 
spiked with Dansk Blend crude oil – surfactants release



Application of encapsulated surfactants in sand slurries 
spiked with Dansk Blend crude oil – HC bioavailability

Porewater concentration of C10-C40 n-alkanes in freshly spiked, sterile sand slurries
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Ø While n-alkanes porewater concentration decreases over time in
the un-amended controls (adsorption taking place), it increases
when surfactants are added (increase of bioavailability).

Ø The effect of encapsulated surfactants on n-alkanes porewater
concentrations is similar (hydrogel-encapsulated HPB) or
approximately 50% (PBS-encapsulated sophorolipids) than that
of free surfactants.



Application of encapsulated surfactants in sand slurries 
spiked with Dansk Blend crude oil – HC bioavailability (2)
Porewater concentration of C10-C40 n-alkanes in weathered spiked, sterile sand 
slurries (encapsulated surfactants added 40 days after contamination)

Ø In weathered sand slurries, only agar-encapsulated HPB are able to
increase n-alkanes pore similarly to the free agent.
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Several approaches have been successfully applied to stimulate PCB 
reductive dechlorination in sediment-free cultures or 
freshwater/estuarine sediment cultures developed with defined media:

• Supplementation of electron donors:
- H2 (not practical for in situ applications)
- Zerovalent iron (Fe0+ 2H2O → Fe2+ + 2OH- + H2). Its positive effects 

on PCB dechlorination seem to be sediment-related
- Organic substrates (e.g., formate, acetate, pyruvate, lactate). 

Stimulation of competitors of dehalorespiring microbes, such as 
sulfate reducers and methanogens, was also reported

• Bioaugmentation with dehalorespiring exogenous bacteria

Enhancement of PCB reductive 
dehalogenation in contaminated sediments



Enhancement of PCB reductive 
dehalogenation in contaminated sediments

4.6

4.7

4.8

4.9

5.0

5.1

0 5 10 15 20 25 30 35 40
Time (weeks)

Av
er

ag
e 

nu
m

be
r C

l/b
ip

he
ny

l

 + NZVI
 -  NZVI
 + NZVI, sterile
 -  NZVI, sterile

Anaerobic slurry cultures of a VL sediment where a slow PCB dechlorination was previously 
detected after 5 months of incubation, suspended in the site water (20% v/v), spiked with 
Aroclor 1254 1000 mg/kg dry sed. 
NZVI  supplemented at  the final concentration of 6.7 g Fe0/kg dry sed.

No PCB dechlorination in the NZVI 
amended sterile controls

38.3±5.7 µmoles Cl removed kg 
dry sed.-1 week-1 (4-fold increase)

10.8±1.8 µmoles Cl removed kg dry 
sed.-1 week-1

Zanaroli et al., 2012, J Chem Technol Biotechnol 87:1246–1253 
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• biostimulation alone with an electron donor (lactate) is not sufficient due to the 
low concentration of indigenous PCB halorespiring bacteria

• Autochnonous bioaugmentation (inoculated) remarkably stimulates the process, 
and its effect if further enhanced if combined with biostimulation (Inoculated + 
lactate)
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Biostimulation of PCB reductive dechlorination in marine sediments through 
controlled H2 release – use of biopolymers

hydrolysis

(rate-limiting 
step?)

PHA hydroxylated 
SCFAs
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H2

S2-SO4
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e-

CH4 CO2

e-e-

ClCl

Cl

Cl Cl

Cl

H+

Mar Piccolo (MP) Piallassa Baiona (PB)
Clay/silty Sandy
Higher TOC Lower TOC
Higher As, Cu, Pb, Zn Higher Cr, Mn, PAH

Botti et al., Marine Pollution Bulletin 186 (2023) 114458
Botti et al., Science of the Total Environment 898 (2023) 165485 

Sediments inoculated with a marine PCB 
dechlorinating culture and supplemented with PHA 
or 3HB to:

• evaluate if biopolymers (PHA) may be a 
selective, long-term, slow releasing electron 
donor for OHRB in marine environments

• assess their effect on the sediment 
microbiome



Biostimulation of PCB reductive dechlorination in marine sediments through 
controlled H2 release – use of biopolymers
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2.8. Bioinformatics and statistics 

Paired-end sequenced reads were merged using the VSEARCH al-
gorithm (v2.15.2) (Rognes et al., 2016) and analyzed using QIIME2 
(version 2022.8) (Bolyen et al., 2019). Briefly, the DADA2 (Divisive 
Amplicon Denoising Algorithm 2) (Hall and Beiko, 2018) plugin was 
used to remove noise, chimeras, and to generate Amplicon Sequence 
Variants (ASVs). ASVs were taxonomically assigned using the SILVA 
reference database version 138 (Yilmaz et al., 2014). Normalization by 
rarefaction to the number of sequences in the sample with the least 
coverage was performed. Microbial community relative abundance 
profiles at different phylogenetic level were obtained. Statistical analysis 
was performed using the R statistical software (www.r-project.org), v. 
4.0.4. Kruskal-Wallis rank-sum test, followed by Tukey's post hoc sta-
tistics, was used to assess significance of differences in microbial com-
munity profiles among groups of samples. Sequence reads were 
deposited in the National Center for Biotechnology Information 
Sequence Read Archive (NCBI SRA; BioProject ID PRJ PRJNA884891). 
Dataset was integrated with sequencing data from the pristine sediment, 
previously obtained (NCBI SRA; BioProject ID PRJNA841561, Bio-
sample SAMN2859734). 

3. Results and discussion 

The effect of polyhydroxyalkanoates on the microbial activities in a 
marine PCB dechlorinating culture was assessed by monitoring the main 
terminal electron accepting processes, i.e., methanogenesis, sulfate- 
reduction, and PCB reductive dechlorination. Methane production and 
sulfate reduction were used as indicators to quantify the stimulation of 
OHRB competitors, while changes in the composition of the spiked PCB 
mixture over time was used to assess the enhancement of reductive 
dechlorination processes, i.e., OHRB. Additionally, the microbial com-
munity structure was analyzed to assess the changes in the community 
composition induced by the amendments and complement the infor-
mation on the effects on metabolic activities. 

3.1. Methanogenic activity 

Methanogenic activity is reported in Fig. 1 as cumulative amount of 
methane (mM) produced over time. In the control microcosms, the final 
CH4 concentration was 0.29 ± 0.06 mM. A remarkably higher CH4 
production was observed when stimulating with 3HB (53.1 ± 4.5 mM). 
It is known that methanogenic activities are favored in presence of high 
amount of electron donors, especially in marine environments, where 
MB can outcompete SRB when high concentrations of reducing equiv-
alents are available (Isa et al., 1986). Thus, the large production of CH4 
observed when feeding with 3HB indicates a fast fermentation rate, and 
therefore a high production rate and concentration of hydrogen. An 
additional sampling was performed in the middle of the third month of 
incubation (day 75) to better assess any changes in the microbial me-
tabolisms rate in the month following the periodic supplementation of 
electron donors. No methanogenic activities were observed in the cul-
tures amended with 3HB after day 75, indicating a complete depletion of 
the replenished fatty acid during the first two weeks of incubation (day 
75). In the microcosms amended with PHAs, a lower stimulation of the 
methanogenic activity was detected (cumulative concentration 13.9 ±
3.5 and 16.4 ± 2.2 mM for PHBHV88 and PHBHV75, respectively) 
compared to those amended with the monomer. Moreover, a constant 
CH4 production was observed during the third month of incubation 
(when the intermediate sampling was performed, at day 75). These data 
indicate a slower and prolonged fermentation of the two polymers 
compared to 3HB, and thus a hydrogen release control performed by the 
hydrolysis step. Furthermore, methane production did not significantly 
differ among the cultures amended with the two PHAs (p-value = 0.6), 
indicating a similar degradation rate and thus the lack of a significant 
effect of their composition on the hydrolysis step. 

3.2. Sulfate reduction activity 

Sulfate depletion was detected in the control microcosms only during 
the first month (Fig. S2) with an average depletion rate of 0.046 ±
0.001 g⋅L−1⋅day−1. In the following months the sulfate reduction activity 
was negligible in the absence of external electron donors, possibly due to 

Fig. 1. Cumulative methane production in the control, unamended microcosms (CTR), and in those amended with the monomer (3HB) and PHA (PHBHV75 and 
PHBHV88). Electron donors were supplemented at the beginning of the incubation (day 0) and on days 30 and 61. 
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Supplementary Figure S1. Assessment of anaerobic metabolisms in microcosms assembled using 
sediments from Mar Piccolo, Taranto. (A) Cumulative methane concentration (mM) measured in the 
microcosms’ headspace gas. (B) Profile in time of the sulfate concentrations in the aqueous phase. Sulfates 
were replenished on days 30, 61 and 75. (C) Sulfate depletion rates measured in microcosms between 61-75 
days and 75-89 days of incubation. (D) Percentage of reduction of the chlorination degree of the PCB mixture 
during incubation. For all panels, values were measured in unamended microcosms (CTR, green) and in those 
amended with monomer (3HB, orange) and PHAs (PHBHV75 and PHBHV88, in light and dark blue, 
respectively) and are expressed as mean value ± standard deviation. Color legend for the four panels is 
displayed at the bottom.  
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the consumption of the majority of the indigenous electron donors. In 
parallel, a complete removal of sulfates was observed in all the amended 
microcosms after 30 days, (Fig. S2) corresponding to an apparent 
average depletion rate of at least 0.086 g⋅L−1⋅day−1. The complete 
consumption of sulfate (replenished to its original concentration at day 
30, along with the electron donors) within one month of incubation in 
all the amended microcosms was confirmed at day 61 as well. The sul-
fate depletion rate in the microcosms amended with the different elec-
tron donors was thus assessed more accurately during the third month of 
experiment, when microcosms were sampled both two weeks (on day 
75) and one month (on day 89) after sulfate replenishment to its original 
concentration at day 61 (along with electron donors). During the in-
terval of time 61–75 days, 3HB remarkably primed sulfate reduction, 
that depleted sulfate with a rate of 0.22 ± 0.01 g⋅L−1⋅day−1 (Fig. 2). 
After further replenishment of the original sulfate concentration only 
(day 75), negligible sulfate depletion was detected in the period 75–89 
days. The absence of stimulation of sulfate reducers after day 75 is in line 
with the lack of CH4 production observed in the same period of incu-
bation (Fig. 1), indicating a complete fermentation of the monomer 
within 14 days. Conversely, both PHAs stimulated sulfate reduction to a 
lesser extent (lower depletion rate) throughout the whole month 
(Fig. 2). In particular, sulfate depletion rates of 0.12 ± 0.01 g⋅L−1⋅day−1 

and 0.09 ± 0.04 g⋅L−1⋅day−1 were observed in the incubation period 
61–75 days and after sulfate replenishment in the incubation period 
75–89 days, respectively, in the presence of PHBHV75. Similar sulfate 
depletion rates were detected in the presence of PHBHV88 (0.13 ± 0.04 
g⋅L−1⋅day−1 and 0.12 ± 0.04 g⋅L−1⋅day−1 in the incubation periods 
61–75 days and 75–89 days, respectively). The more constant and pro-
longed stimulation of SRB exerted by PHAs compared to the monomer is 
in agreement with the constant methanogenic activity observed in the 
microcosms amended with PHAs during the third month of incubation 
(Fig. 1), and further supports the conclusion on a controlled, prolonged 
release of organic fermentable matter from PHAs due a rate-limiting 
hydrolysis step. 

3.3. PCB Reductive dechlorination 

Reductive dechlorination of PCBs occurred in the unamended con-
trol, leading at the end of the incubation (day 89) to the depletion of 
hexa- and penta-chlorinated congeners by 43 ± 11 and 49 ± 2 %, 
respectively, and to the concomitant increase of concentration of tetra-, 

tri- and di-chlorinated congeners (Fig. 3) with a dechlorination pattern 
similar to the one reported by Rosato et al. (2020) with the same marine 
dechlorinating culture. In particular, PCB dechlorination in the un-
amended control was negligible during the first month of incubation 
(0.9 ± 0.3 % reduction of the chlorination degree of the PCB mixture on 
day 30), starting from month 2 and progressively leading to a 14.4 ± 1.7 
% reduction of the chlorination degree of the PCB mixture at the end of 
the incubation (Fig. 4). 

The supplementation of 3HB, PHBHV75 and PHBHV88 stimulated 
the onset of PCB dechlorination, that started more rapidly during the 
first month leading to a significantly higher (p-values: 3HB, 0.0005; 
PHBHV75, 0.0002; PHBHV88, 0.04) decrease of the chlorination degree 
after 30 days of incubation compared to the unamended microcosms 
(7.4 ± 0.6 %, 5.3 ± 1.7 % and 7.0 ± 0.5 %, in the microcosms supple-
mented with 3HB, PHBHV88 and PHBHV75, respectively) (Fig. 4). 
However, a similar PCB dechlorination activity, both in terms of 
dechlorination pattern (data not shown) and final extent, was detected 
in all microcosms amended with electron donors at the end of the in-
cubation, when the reduction of the chlorination degree (3HB, 14.0 ±
1.4 %; PHBHV88 12.4 ± 1.1 %; PHBHV75 15.3 ± 2.3 %) did not 
significantly differ (p-values: 3HB, 0.8; PHBHV75, 0.6; PHBHV88, 0.2) 
from that of the unamended control (Fig. 4). The stimulation effect of 
electron donors was thus limited to the early growth stage of the OHRB 
of the inoculated marine community and was not affected by the use of 
PHAs (compared to the monomer 3HB) or their composition. 

3.4. Electron balances and stimulation yield 

The monitoring of anaerobic metabolisms competing with organo-
halide respiration for hydrogen suggested a different stimulation effect 
performed by the electron donors tested: the monomer appeared to be 
fermented faster than the polymers, enhancing methanogenic and sul-
fate reducing activities more than PHAs. Yet, no differences were 
identified in the stimulation of PCB reductive dehalogenation between 
the different electron donors. To better understand and to compare the 
effects of electron donors on the different terminal electron accepting 
processes, the balance between the electrons supplied by each amend-
ment and the electrons consumed by each metabolism was calculated. 
Acetoclastic or hydrogenotrophic metabolisms were considered to 
consume the same amount of reducing equivalents as reported in the 
Materials and methods section. The electrons provided by the complete 

Fig. 2. Sulfate depletion rate detected in the first two weeks (days 61–75) and in the following two weeks (days 75–89) of the third month of experiment (days 
61–89). Sulfate consumed during the first two weeks was replenished to its original concentration on day 75. 
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Supplementary Figure S1. Assessment of anaerobic metabolisms in microcosms assembled using 
sediments from Mar Piccolo, Taranto. (A) Cumulative methane concentration (mM) measured in the 
microcosms’ headspace gas. (B) Profile in time of the sulfate concentrations in the aqueous phase. Sulfates 
were replenished on days 30, 61 and 75. (C) Sulfate depletion rates measured in microcosms between 61-75 
days and 75-89 days of incubation. (D) Percentage of reduction of the chlorination degree of the PCB mixture 
during incubation. For all panels, values were measured in unamended microcosms (CTR, green) and in those 
amended with monomer (3HB, orange) and PHAs (PHBHV75 and PHBHV88, in light and dark blue, 
respectively) and are expressed as mean value ± standard deviation. Color legend for the four panels is 
displayed at the bottom.  
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oxidation to CO2 of the electron donors were calculated under the 
following assumptions: i) the monomer was depleted within two weeks; 
ii) the heteropolymers were depleted in one month, with a constant 
degradation rate. Regarding the monomer, the complete consumption 
within two weeks was supported by the absence of sulfate reduction and 
methanogenic activities in the interval 75–89 days, i.e., 15 days after the 

amendment with 3HB. To confirm the assumption, at the end of the 
experiment, 3HB was re-supplied to the microcosms and the concen-
tration of 3HB in time was monitored, confirming its complete degra-
dation within 8 days (Fig. S3). As for the polymers, the degradation time 
was estimated considering the results of the preliminary fermentation 
test (Fig. S1). Given the similar methanogenic and sulfate-reduction 

Fig. 3. Concentration of PCB congeners detected in the unamended control microcosm at the beginning and at the end of the incubation (day 89).  

Fig. 4. Percentage reduction of the chlorination degree of the PCB mixture during incubation.  
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the consumption of the majority of the indigenous electron donors. In 
parallel, a complete removal of sulfates was observed in all the amended 
microcosms after 30 days, (Fig. S2) corresponding to an apparent 
average depletion rate of at least 0.086 g⋅L−1⋅day−1. The complete 
consumption of sulfate (replenished to its original concentration at day 
30, along with the electron donors) within one month of incubation in 
all the amended microcosms was confirmed at day 61 as well. The sul-
fate depletion rate in the microcosms amended with the different elec-
tron donors was thus assessed more accurately during the third month of 
experiment, when microcosms were sampled both two weeks (on day 
75) and one month (on day 89) after sulfate replenishment to its original 
concentration at day 61 (along with electron donors). During the in-
terval of time 61–75 days, 3HB remarkably primed sulfate reduction, 
that depleted sulfate with a rate of 0.22 ± 0.01 g⋅L−1⋅day−1 (Fig. 2). 
After further replenishment of the original sulfate concentration only 
(day 75), negligible sulfate depletion was detected in the period 75–89 
days. The absence of stimulation of sulfate reducers after day 75 is in line 
with the lack of CH4 production observed in the same period of incu-
bation (Fig. 1), indicating a complete fermentation of the monomer 
within 14 days. Conversely, both PHAs stimulated sulfate reduction to a 
lesser extent (lower depletion rate) throughout the whole month 
(Fig. 2). In particular, sulfate depletion rates of 0.12 ± 0.01 g⋅L−1⋅day−1 

and 0.09 ± 0.04 g⋅L−1⋅day−1 were observed in the incubation period 
61–75 days and after sulfate replenishment in the incubation period 
75–89 days, respectively, in the presence of PHBHV75. Similar sulfate 
depletion rates were detected in the presence of PHBHV88 (0.13 ± 0.04 
g⋅L−1⋅day−1 and 0.12 ± 0.04 g⋅L−1⋅day−1 in the incubation periods 
61–75 days and 75–89 days, respectively). The more constant and pro-
longed stimulation of SRB exerted by PHAs compared to the monomer is 
in agreement with the constant methanogenic activity observed in the 
microcosms amended with PHAs during the third month of incubation 
(Fig. 1), and further supports the conclusion on a controlled, prolonged 
release of organic fermentable matter from PHAs due a rate-limiting 
hydrolysis step. 

3.3. PCB Reductive dechlorination 

Reductive dechlorination of PCBs occurred in the unamended con-
trol, leading at the end of the incubation (day 89) to the depletion of 
hexa- and penta-chlorinated congeners by 43 ± 11 and 49 ± 2 %, 
respectively, and to the concomitant increase of concentration of tetra-, 

tri- and di-chlorinated congeners (Fig. 3) with a dechlorination pattern 
similar to the one reported by Rosato et al. (2020) with the same marine 
dechlorinating culture. In particular, PCB dechlorination in the un-
amended control was negligible during the first month of incubation 
(0.9 ± 0.3 % reduction of the chlorination degree of the PCB mixture on 
day 30), starting from month 2 and progressively leading to a 14.4 ± 1.7 
% reduction of the chlorination degree of the PCB mixture at the end of 
the incubation (Fig. 4). 

The supplementation of 3HB, PHBHV75 and PHBHV88 stimulated 
the onset of PCB dechlorination, that started more rapidly during the 
first month leading to a significantly higher (p-values: 3HB, 0.0005; 
PHBHV75, 0.0002; PHBHV88, 0.04) decrease of the chlorination degree 
after 30 days of incubation compared to the unamended microcosms 
(7.4 ± 0.6 %, 5.3 ± 1.7 % and 7.0 ± 0.5 %, in the microcosms supple-
mented with 3HB, PHBHV88 and PHBHV75, respectively) (Fig. 4). 
However, a similar PCB dechlorination activity, both in terms of 
dechlorination pattern (data not shown) and final extent, was detected 
in all microcosms amended with electron donors at the end of the in-
cubation, when the reduction of the chlorination degree (3HB, 14.0 ±
1.4 %; PHBHV88 12.4 ± 1.1 %; PHBHV75 15.3 ± 2.3 %) did not 
significantly differ (p-values: 3HB, 0.8; PHBHV75, 0.6; PHBHV88, 0.2) 
from that of the unamended control (Fig. 4). The stimulation effect of 
electron donors was thus limited to the early growth stage of the OHRB 
of the inoculated marine community and was not affected by the use of 
PHAs (compared to the monomer 3HB) or their composition. 

3.4. Electron balances and stimulation yield 

The monitoring of anaerobic metabolisms competing with organo-
halide respiration for hydrogen suggested a different stimulation effect 
performed by the electron donors tested: the monomer appeared to be 
fermented faster than the polymers, enhancing methanogenic and sul-
fate reducing activities more than PHAs. Yet, no differences were 
identified in the stimulation of PCB reductive dehalogenation between 
the different electron donors. To better understand and to compare the 
effects of electron donors on the different terminal electron accepting 
processes, the balance between the electrons supplied by each amend-
ment and the electrons consumed by each metabolism was calculated. 
Acetoclastic or hydrogenotrophic metabolisms were considered to 
consume the same amount of reducing equivalents as reported in the 
Materials and methods section. The electrons provided by the complete 

Fig. 2. Sulfate depletion rate detected in the first two weeks (days 61–75) and in the following two weeks (days 75–89) of the third month of experiment (days 
61–89). Sulfate consumed during the first two weeks was replenished to its original concentration on day 75. 
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Methanogenesis Sulfate reduction PCB dechlorination

• The monomer (3HB) is fermented rapidly and strongly stimulates both sulfate reduction and 
methanogenesis;

• PHAs are fermented more slowly and stimulate sulfate reduction and methanogenesis at much lower 
extent;

• PCB reductive dechlorination is much lower in MP (where organic electron donors further inhibit it) 
than in PB, where PHAs do not significantly promote it.

à PAHs are fermented too rapidly and cause the hyperproliferation of competing microbes

Botti et al., Marine Pollution Bulletin 186 (2023) 114458
Botti et al., Science of the Total Environment 898 (2023) 165485 



Biostimulation of PCB reductive dechlorination in marine sediments through 
controlled H2 release – use of biopolymers

Weighted UniFrac Unweighted UniFrac

PHAs separate from 3HB PB separates from MP

• Dominant bacterial groups discriminated 3HB from PHA
• Subdominant bacterial groups discriminated MP from PB

• Relevant proportion of the community (25% on 
average) putative SRB (up to 42% with 3HB)

• No enrichment of Dehalococcoidia and decrease of  
Chloroflexi with all amendments

Need to better understand interactions between the composition of resident microbial 
community and the chemical-physical parameters /inputs to design efficient bioremediation strategies

à 3HB enriched mainly for putative fermenters and 
syntrophs, which represented the dominant bacterial 
groups (Dethiosulfatibacteracea,  Dethiosulfatibacter 
21.5 %; Synergistaceae, Thermovirga 3.2-2.3 %; 
Marinilabiliaceae 9.2-4.3 %)

à PHA enriched mainly for putative 
hydrolytic/primary degraders (dominant bacterial 
groups Spirochaetaceae, Petrotogaceae 6-1.6 %; 
Williamwhitmaniaceae 11.5 %)

A. Botti et al. Science of the Total Environment 898 (2023) 165485
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Biostimulation of PCB reductive dechlorination in marine sediments through 
controlled H2 release – electrostimulation

Sediment inoculated with a marine PCB dechlorinating culture 
and electrified to generate H2 in situ (cathodic water 
electrolysis).
Effects on:
- sediment physical-chemical parameters (pH, ORP);
- PCB dechlorination and main competing TEAP (sulfate-

reduction)
- sediment microbiome

Botti et al. 2024, Journal of Hazardous Materials 469: 
133878

Sediment pH Sediment ORP



• Sulfate reduction stimulated in 
electrified sediment (vs OCV) 
after day 21

• Selective enrichment in different 
putative SRB between anodic and 
cathodic areas, mitigated by 
polarity inversion

-
-
-

-
-
-
-

-

• Inhibition of PCB reductive 
dechlorination, proportional to 
electric input and mitigated by 
polarity inversion

• Decrease of putative OHRB

Biostimulation of PCB reductive dechlorination in marine sediments through 
controlled H2 release – electrostimulation

Botti et al. 2024, Journal of Hazardous Materials 469: 133878



• Electron balance on 
sulfate reduction 
indicates more electrons 
are consumed by SRB as 
the current input 
increases;

• Coulombic efficiency 
>100% indicates 
electrons provided 
exceed those 
theoretically consumed 
by sulftate-reduction;

• Microbial community 
composition suggests S 
cycling may regenerate 
sulfate further supporting 
electrons consumtion by 
sulfate reduction 

Biostimulation of PCB reductive dechlorination in marine sediments through 
controlled H2 release – electrostimulation

Botti et al. 2024, Journal of Hazardous Materials 469: 133878



q 209 congeners; complex commercial mixtures
q High persistence and hydrophobicity:

q common contaminants in marine sediments
q reported on marine plastic pellets up to 7.5 mg/kg (4) .

MPs-associated POPs

q May undergo anaerobic reductive dechlorination processes mediated by
organohalide respiring microorganisms occurring in marine sediments (5).

Polychlorinated Biphenyls (PCBs)

Organic contaminants in marine 
plastics debris

concentrations of 0.001–10 mg/kg (3)

[3] Hirai, H. et al. Marine Pollution Bulletin, 62:1683-1692 (2011).
[4] Taniguchi, S., et al. Marine Pollution Bulletin, 106.1-2: 87-94 (2016).

[5] Zanaroli, G. et al. Curr Opin Biotechnol 33:287 (2015)

Polychlorinated Biphenyls (PCBs) 
Polycyclic aromatic hydrocarbons (PAHs)

Dichlorodiphenyltrichloroethanes (DDTs)

Polybrominated diphenyl ethers (PBDEs)
Bisphenol A (BPA)



Anaerobic microbial 
PCB reductive dehalogenation

Electron
Donor

Reduced

Electron
Donor

Oxidized

R-Cl

n ATPe-

Electron
Acceptor
Oxidized

Electron
Acceptor
Reduced

H+ + Cl-
+

R-H

q PCBs used as terminal electron acceptors by 
organohalide respiring microbes (5-7)

q Highly chlorinated congeners are 
bioconverted into less chlorinated products, 
which are often less toxic, less prone to 
bioaccumulation (less hydrophobic) and 
more amenable to aerobic degradation (8)

à If taking place on MP-sorbed PCBs, this microbial process might change the 
composition, and thus the toxicity and bioavailabilty, of the sorbed PCB mixture.

[6] Bedard ,2008. Annu Rev Microbiol 62:253; [7] Field & Sierra-Alvarez, 2008. Rev Environ Sci Biotechnol 7:211; [8] McFarland & Clarke, 1989 Environmental Health Perspectives
81: 225-239. 
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Aim of the study

To investigate 

üthe colonisation dynamics &

üthe potential biotransformation of sorbed PCBs 

on different types of MPs (PE, PET, PS, PP, PVC; pristine 
vs. PCB-contaminated) by anaerobic marine sediment 
communities.



Experimental approach
• Low density Polyethyelene - PE
• Poly(ethylene terephthalate) - PET
• Polystyrene - PS
• Polypropylene - PP
• Poly(vinyl chloride) - PVC

industrial pellets contaminated with a 
commercial mixture of PCBs (Aroclor 1254, 
30 mgPCBs/kgMPs).

Ø Incubation time: 6 months; 6 samplings (0.5, 1, 2, 3, 4, 6 months)

Treatments MPs

MPs-PCBs* LDPE, PS, PET, PP, PVC

pristine MPs* LDPE, PS, PET, PP, PVC

MPs-PCBs (sterile control) LDPE, PS, PET, PP, PVC

Sediment-PCBs control* NO MPs

Ø Incubation in sterilized slurry microcosms of marine sediment suspended in seawater (20 
w/v) under anaerobic conditions and inoculated with a marine, PCB-dechlorinating 
culture enriched from a Venice lagoon sediment(*).



1. Quantification of biofilm 
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ü MPs were rapidly colonized by the 

microbial community (within 2 weeks).
ü The most abundant cells concentration 

was observed on PVC pellets.
ü Biofilm maturation occurred in the 

following weeks (further production of 
extracellular polymeric substance without 
remarkable increase of cell concentration). 

PE-PCB
PE
PET-PCB
PET
PS-PCB
PS
PP-PCB
PP
PVC-PCB
PVC 0

2
4
6
8
10
12
14
16
18

0

0.5

1

1.5

2

2.5

0 10 20 30

As
b

57
0 

nm
 (P

VC
)

As
b 

57
0 

nm

Incubation Time (weeks)

Biofilm staining (crystal violet)

0

2

4

6

8

10

12

0
0.5

1
1.5

2
2.5

3
3.5

4

0 10 20 30

g r
ed

uc
in

g
su

ga
rs

/k
g M

Ps
(P

VC
) 

g r
ed

uc
in

g 
su

ga
rs

/k
g M

Ps

Incubation Time (weeks)

Reducing sugars



2. Characterization of biofilm
2.2 Illumina sequencing (16S rRNA genes) 
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2. Characterization of biofilm
2.3 PCA – Beta diversity

Plastic (p-value < 0.05)
PET

PP
PVC

PE

PS

Inoculum
Sediment

Pollutant (p-value > 0.05)PCBs

NO PCBs

Incubation Time 
(p-value < 0.05)

PE_28w

PVC_28w
PVC_2w

PE_2w
The bacterial biofilm communities on MPs:
ü significantly differ from the surrounding 

sediment and the inoculum 
communities;

ü are affected by the type of MP; 
ü are not significantly correlated with the 

presence of sorbed PCBs.
ü significantly change over time on PE and 

PVC.



The presence of PCBs enriched the community in Dehalococcoidia, the 
organohalide respiring Chloroflexi members.

MPs SAMPLE % of total 
community

% of Phylum 
Chloroflexi

PE
No PCB 0.6 11

PCB 1.4 75
sediment 0.0 0

PET
No PCB 0.9 11

PCB 2.7 39
sediment 2.6 10

PS
No PCB 0.0 0

PCB 1.7 91
sediment 1.7 8

PP
No PCB 0.9 95

PCB 3.2 80
sediment 1.7 8

PVC
No PCB 10.0 80

PCB 39.4 88
sediment 1.2 4

2. Characterization of biofilm
2.4 Organohalide respiring members 



3. PCB biotransformation 
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ü PCB dechlorination faster on MPs than on sediment
ü Dechlorination of sorbed PCBs: PP < PE < PET < PVC = PS

Reductive dechlorination of PCBs adsorbed to different MPs:



3. PCB biotransformation 
The same dechlorination pattern (highly chlorinated congeners which are depleted
and low chlorinated ones which accumulate) has been observed on all MPs.
Dechlorination pattern (PE is shown as example):



Conclusions
• Different types of MPs can be rapidly colonized by a dehalogenating marine

microbial community. A biofilm maturation follows, in which the microbial
community richness and organization may change depending of the MP type.

• The biofilm community composition is significantly affected by the type of
polymer and not by the presence of sorbed PCBs; however, the presence of
PCBs increases the relative abundance of Dehalococcoidia, i.e., of the
organohalide respiring Chloroflexi members, on the MPs.

• Complex mixtures of PCBs sorbed on MPs can undergo microbial reductive
conversion into into less chlorinated products by marine biofilms.

The microbial colonization of contaminated MPs sunken in anaerobic 
sediments could thus change the toxicity and/or bioavailability of the sorbed 

PCB mixture.
Study currently under in progress in juvenile turbot (Scophthalmus maximus) at 

Universitade Nova de Lisboa (Poster Mariaelena D'ambrosio et al., > 222597)


