
HAL Id: hal-04309054
https://hal.inrae.fr/hal-04309054v1

Submitted on 27 Nov 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Copyright

The importance of biogeochemical cycles in waste
valorization bioprocesses

Laurent Mazéas

To cite this version:
Laurent Mazéas. The importance of biogeochemical cycles in waste valorization bioprocesses. Doc-
toral. France. 2023, pp.1-90. �hal-04309054�

https://hal.inrae.fr/hal-04309054v1
https://hal.archives-ouvertes.fr


www.irstea.fr 

Environmental Chemistry Module 

Master Environmental Engineering and 

Sustainability Management 

Isotopic Biogeochemistry and case studies 

Laurent MAZEAS 

The importance of biogeochemical cycles in 

waste valorization bioprocesses 



2 

Isotopes definition 

  
A=Z+NX

Z   

 

- Same atomic number Z 

    (Z= number of protons) 

 

- number of neutrons N (then mass 

number A = Z+N) different 
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Hydrogen isotopes 

Hydrogen Deuterium Tritium 
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Carbon isotopes 

A=Z+NXZ 

Exemple: Carbon C 

. 6 protons   atomic number Z= 6 

. 6, 7, ou 8 neutrons (N) 

Atomic mass A = Z+N = 12, 13, ou 14 

Notation : 12C, 13C, 14C  
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Two types of isotopes 

-Radioactive = Transformation into isotopes of another element 

147Sm 143Nd 

238U 206Pb 

87Rb 87Sr 

No transformation as a function of time 

- Stables = the others 

16O, 17O, 18O, 14N, 15N 12C, 13C,  1H, 2H, 

63Cu, 65Cu, 54Fe, 56Fe, 57Fe, 58Fe 

66Zn, 68Zn, 70Zn 

Légers: 

Lourds: 
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Nucleus stability 

Z (Nombre de protons) 

    

Noyaux stables 

 Émetteurs - 

Émetteurs + 

Émetteurs  

A=25 

A=50 

A=75 

N=Z A=100 

A=125 

A=150 

A=175 

A=200 

A=225 

A=250 
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Isotope natural abundancy 
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Isotopic fractionation 

 
 

ISOTOPES: 

 Comparable chemical properties 

(identical electronic structure) 

BUT 

Mass difference 

Bonds energy  
 
Merging Temperatures  
Viscosity  
Reaction rate  

ISOTOPIC FRACTIONATION 

1/2 h 
Interatomic distance 
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n
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e

n
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Exemple of isotopic fractionation 

Evaporation: 
 

T(boiling): H2O= 100 °C 

               D2O= 101.4 °C 

 

Preferential evaporation of H2O  

Preferential condensation of D2O 

Chemical reaction: 
 

 The light isotope forms slightly weaker bonds 

The products of the reaction will be enriched in light isotope 

The reagents will be enriched in heavy isotopes 
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THE CONCEPT OF ISOTOPIC COMPOSITION 

 Isotopes naturels du carbone: 12C (98,89 %), 13C (1,11 %), 14C (10-10 %) 

 

 In nature, slight variations in the order of ‰ of the 13C / 12C ratio. 

  

 13C= [(Rs-Ris)/Ris] x 1000  ‰ 

 
With   Rs = 13C/12C of the sample 

          Ris = 13C/12C of the international standard (PDB) 

0 

13C (‰) 
PDB 

13C enrichment  
12C enrichment   

Variations measured using the isotopic composition: 
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VARIATION OF THE 13C/12C RATIO 

-40 -35 -30 -25 -20 -15 -10 -5 0 

Marine  

carbonate  

CO2 

Atm 

Terrestrial Plants 

Marine plants 

Terrestrial Plants C4 

 Terrestrial Plants C3 

Marine plankton (+22 °C) 

Marine plankton (+1 °C) 

13C (‰) 

The 13C / 12C ratio depends on: 
 

                 - Carbon origin 

    - Environmental conditions 

                 - Biosynthetic cycle 

C4 (Hatch et Slack)  

C3 (Calvin)  
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TWO TYPES OF APPLICATION 

NATURAL ISOTOPIA:  

 
- Compounds origin 
 

- Compounds fate 

 

 

ISOTOPIC TRACING: 

 

Use of artificially enriched compounds in D, 13C, 15N, 18O 

 

 

 

 

         Compounds fate (Transfer, degradation…) 
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ORGANIC MASS SPECTROMETRY 

+ 

Single Detector 

Molecular 

Ion Ionisation 
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ISOTOPIC MASS SPECTROMETRY 

H2O 

CO2 SO2 

N2O 

44 

45 

46 

CO2 
12C16O2

+
 

12C16O17O+, 13C16O2
+ 

12C16O18O+, 13C16O17O+ 

Multiple Detectors 

Combustion 



15 

ISOTOPIC MASS SPECTROMETRY 

Data analysis 

Standard gas introduction 

separation 
Source 

Collectors 

He 

N2 

CO2 

Ionisation  

Amplificators 

Samples 
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SCHEMES OF AN IRMS 

SOURCE 

MAGNET 

DETECTORS 
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IRMS COUPLING WITH AN ELEMENTARY ANALYZER 

EA Carbon and Nitrogen combustion - solids 

3m   PoropakQ 

Quartz tube 

Chromium oxide 

Solid 
autosampler 

Combustion  
1050  °C 

Quartz chips 

 Silvered cobaltous  
Cobaltic oxide 

Reduction  
650 °C 

Quartz  
wool 

Quartz  
wool 

Copper 

Quartz  
wool 

TCD 

Water trap 

Diluter 

Magnesium  
perchlorate 

GC column 

Constant flow 

He IN 
100mL/min 

N2 CO2 

(Optional use) 

CO2 

 

N2 

 

Pneumatic  

needle valve 

Purge 

Reference Gas 

Injector System 

IsoPrime  

IRMS 

He O2 Pulsed  

injection  

per sample 

Stand-by  

valve 

NUPRO  

isolation  

valve 

50°C 

Amount of carbon needed : 50 µg  
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EA-IRMA SAMPLE PREPARATION 
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COUPLING WITH GAS CHROMATOGRAPHY 
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EXAMPLE OF CHROMATOGRAM 
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INCREASE IN GHG CONCENTRATION 

Blunier et al., 1993 ; Etherigde et al., 1996  
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Ice : greenhouse gas archives 
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Atmospheric  

measurments 

INCREASE IN GHG CONCENTRATION 

Blunier et al., 1993 ; Etherigde et al., 1996  

 

Measurements  

from ice cores 
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GHG concentration evolution 
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 D et  18O:  isotopic thermometer 

Surface temperature (°C) 

Cold  

period 

Hot  

period 
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Temperature evolution 
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Origin of CO2 
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Evolution of the  13C atmospheric CO2 
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Samples collected after the Erika oil spill 

P A R C  O R N IT H O L O G IQ U E  

D U  T E IC H

S 1 0 , S 1 1

K e rro c h , K e rp a p e

S 5 , S 8 , S 1 2

P lo e m e u r

S 6 , S 9 , S 1 9  

E te l

S 4
C o n c a r n e a u

S 3
G u ilv in e c

S 7

N o ir m o u t ie r

S 1 3

C ro h o t

S 1 4

C a p  F e r re t S 1 7

P e re ir e
S 1 5 , S 1 6

S a lie
S 2 8

L é o n

S 1 8

C h a p e lle  F o r e s t iè re

P é tro le  tra n s p o r té  p a r  le  p é tro lie r E r ik a  (S 1 )

1  é c h a n til lo n  d ’u n e  n a p p e  d e  p é tro le  (S 2 )

1 6  ré s id u s  p é tro lie r s  (S 3 -S 1 8 )

1 0  é c h a n til lo n s  d e  p lu m e s  d ’o is e a u x (S 1 9 -S 2 8 )

E C H A N T IL L O N S  C O L L E C T E S  A P R E S  L A  M A R E E  N O IR E  D E  L ’E R IK A

L ie u  d u  n a u fr a g e

d e  l’ E rik a

Oil carried by the oil tanker Erika (S1) 

 

1 sample from an oil slick 

 

16 oil residues (S3 to S18) 

 

10 Oiled bird feather (S19 to S28) 

Erika  

sinking place 
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Phenanthrenic isotopic compositions 
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P e t r o l e  E rik a  (S 1 )

R es id u s  n o rd  A tla n tiq u e   

P lu m es  d ’ o is ea u x

C ro h o t (S 1 3 )

S a lie  p e ti t e  b o u le tt e  (S 1 5 )

S a lie  g r o s s e  b o u le tt e  (S 1 6 )

P e r e ir e  (S 1 7 )

C O M P O S IT IO N S  IS O T O P IQ U E S  D E S  C O M P O S E S  P H E N A N T H R E N IQ U E S
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o
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Sediment contaminated by the Erika oil ? 

S e d im e n t té m o in

S é d im e n t c o n ta m in é

-3 0

-2 9

-2 8

-2 7

-2 6

-2 5

-2 4

-2 3

P h e n 3 + 2  M P 9 + 1  M P M P s F lu o P y r B (a )A + C h ry s

C
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 (

‰
)

P é tro le E r ik a

S E D IM E N T  C O N T A M IN E  P A R  L E  P E T R O L E  D E  L ’E R IK A
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Erika oil 

Non contaminated sediment 

Contaminated sediment ? 
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MIGRATION OF BUTTERFLIES 

Map of North America showing 

sample sites and contours of 

weighted average  D‰/SMOW 

in summer rainfall (from IAEA 

Network 1958-1997) 
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MIGRATION OF BUTTERFLIES 

Correlation between  D pyrolysis and  18 O pyrolysis  

in butterfly wings  

Manitoba 

Indiana 

y = 7.951x - 123.948 

R 
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APPLICATIONS IN ARCHEOLOGY 

maritime 

continental 
 

V-42 

   

 15 
N   13 

C,  D 

0 

2 
4 
6 
8 
10 
12 
14 
16 

18 

-25 -20 -15 -10 -5 0 

 
13 

C (‰) 

-125 

-100 

-75 

-50 

-25 

0 

25 

DELTA+XL 

Flash EA for analysis of N and C 

TC/EA for analysis of D 

 D (‰) 

 

TC/EA 

& EA 

 
15 

N (‰) 

You are what you eat ! 
Isotopic analysis of Viking fingernails 
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Respiratory isotopic test 

ulcer ? 

13C enriched compound 

             (Urea) 

  Stressed ? 

CO2 CO2 CO2 CO2 

Sampling of exhaled air 
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DETERMINATION OF THE ORIGIN OF EXTASIA 

Isotopic analysis of Ecstasy 

James F. Carter et al., Analyst, 2002, 127, 830–833 
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ORIGIN OF THE COCAINE 

Putumayo-Caqueta, COLUMBIA 

Chapare Valley, BOLIVIA Huallaga-Ucayalli Valleys, PERU 

Guaviare, COLUMBIA  
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Application to environnemental bioprocesses 
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Municipal solid waste landfill 
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Municipal solid waste landfill 

Pluie Waterproof 

layer 

Géomembrane 

Draining 

layer 
Drains 

Soil 

Biogas drainage 

event 

Well for pumping 

leachates 

Clay 

CH4, CO2, H2S 

µorganisms 

lixiviation 

clogging 
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Bioreactor Municipal solid waste landfill 

Landfill leachate recirculation 

Biogas extraction 
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Bioreactor Municipal solid waste landfill 

Wastes  

NH4
+ 

NO3
- ex situ nitrification 

 (aerobic condition)  

Nitrified leachate 

recirculation 

NO3
- N2 

Biogas 

collection 

In situ denitrification 

(anaerobic condition) 

Strategy: leachate pretreatment before recirculation 
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Experimental set up 

Septum 

Gas phase 

Leachate 

Wastes 

Anaerobic batch experiment 



44 

Experimental design 
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First Case 

4  – É tu d e  e x p é r im e n ta le  e n  m ic r o c o sm e s  ( f la c o n s  à p la s m a )

d  – V o ie s  d e  r é d u c t io n  d u  n itr a te  (3 )

T e m p s  (jo u r s )

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

1 4 0

1 6 0

1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 6 2 8 3 0 3 2 3 4 3 6 3 8 4 0 4 2

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

1 2 0 0

1 4 0 0

1 6 0 0

n i t r a t e

n i t r i t e

s u l f a t e

a m m o n i u m

A C I D O G E N E S E

T e n e u r  e n  N O
3

- ,  

N O
2

- (m g  N )

C o n c e n tr a tio n  

e n  S O
4

2 - (m g .l -1 )

C o n c e n tr a tio n  

e n  N H
4

+ (m g .l -1 )

T e m p s  (jo u r s )

0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

3 0 0

1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 6 2 8 3 0 3 2 3 4 3 6 3 8 4 0 4 2

0

1

2

3

4

5

6

a z o t e _ m o lé c u la i r e

p r o t o x y d e _ d ' a z o t e

A C I D O G E N E S E

P r o d u c tio n  

c u m u lé e  d e  N
2

(m g  d e  N )

P r o d u c tio n  c u m u lé e  

d e  N
2
O  (m g  d e  N )

2 6

NH4
+  

concentration (mg.l-1) 

N2O cumulated 

production (mg of N) 

 

N2 cumulated 

production (mg of N) 
 

Time (Days) 

Time (Days) 

 

NO3
- and NO2

- 

content (mg of N) 

 

SO4
2- concentration 

(mg.l-1) 
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Case 1 Results interpretation 

4  – É tu d e  e x p é r im e n ta le  e n  m ic r o c o sm e s  ( f la c o n s  à p la s m a )

d  – V o ie s  d e  r é d u c t io n  d u  n itr a te  (3 )

2 6

0 ,6 2 5  C H
3
C O O H  +  N O

3
-
 H C O

3
- +  0 ,2 5  C O

2
+  0 ,7 5  H

2
O  +  0 ,5  N

2

Δ G
0

=  -5 1 8  k J .m o l -1 d e  n i tra te  (T h a u e r  e t  a l .,  1 9 7 7 )

P r o d u c t io n  d e  N
2

=  D é n itr if ic a t io n

O b se rv a tio n  d a n s 1 3  c a s  su r  le s  2 0  

in je c tio n s  d e  n itra te

P ré se n c e  d e  so u rc e  d e  c a rb o n e  o rg a n iq u e  

 p ro b a b le m e n t d é n itr if ic a t io n  

h é té r o tr o p h e

N2 production = denitrification  

Presence of organic matter 

 

 Heterotrophic denitrification 

Observed in 13 cases upon 20 
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Second Case 

4  – É tu d e  e x p é r im e n ta le  e n  m ic r o c o sm e s  ( f la c o n s  à p la s m a )

d  – V o ie s  d e  r é d u c t io n  d u  n itr a te  (3 )

T e m p s  (jo u r s )

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

1 4 0

1 6 0

1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 6 2 8 3 0 3 2 3 4 3 6 3 8 4 0 4 2

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

1 2 0 0

1 4 0 0

1 6 0 0

n i t r a t e

n i t r i t e

s u l f a t e

a m m o n i u m

A C I D O G E N E S E

T e n e u r  e n  N O
3

- ,  

N O
2

- (m g  N )

C o n c e n tr a tio n  

e n  S O
4

2 - (m g .l -1 )

C o n c e n tr a tio n  

e n  N H
4

+ (m g .l -1 )

T e m p s  (jo u r s )

0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

3 0 0

1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 6 2 8 3 0 3 2 3 4 3 6 3 8 4 0 4 2

0

1
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3
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6

a z o t e _ m o lé c u la i r e

p r o t o x y d e _ d ' a z o t e

A C I D O G E N E S E

P r o d u c tio n  

c u m u lé e  d e  N
2

(m g  d e  N )

P r o d u c tio n  c u m u lé e  

d e  N
2
O  (m g  d e  N )

2 6

Time (Days) 

Time (Days) 

4  – É tu d e  e x p é r im e n ta le  e n  m ic r o c o sm e s  ( f la c o n s  à p la s m a )

d  – V o ie s  d e  r é d u c t io n  d u  n itr a te  (5 )

C o n c e n tr a tio n  

e n  N H
4

+ (m g .l -1 )

T e n e u r  e n  N O
3

- ,  

N O
2

- (m g  N )

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

1 4 0

1 6 0

1 8 0

2 0 0

2 2 0

2 4 0

1 5 2 0 2 5 3 0 3 5 4 0

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0

n i t r a t e

n i t r i t e

s u l f a t e

a m m o n i u m

A C I D O G E N E S E

T e m p s  (jo u r s )

P r o d u c tio n  

c u m u lé e  d e  N
2
O  

(m g  d e  N )

P r o d u c tio n  

c u m u lé e  d e  N
2

(m g  d e  N )

0

5 0

1 0 0

1 5 0

2 0 0

1 5 2 0 2 5 3 0 3 5 4 0

0

2

4

6

8

1 0

1 2

1 4

1 6

1 8

2 0

a z o t e _ m o l é c u l a i r e

p r o t o x y d e _ d ' a z o t e

A C I D O G E N E S E

T e m p s  (jo u r s )

2 8

 

N2 cumulated 

production (mg of N) 
 

 

NO3
- and NO2

- 

content (mg of N) 

 

SO4
2- concentration 

(mg.l-1) 
 

NH4
+  

concentration (mg.l-1) 

N2O cumulated  
 

production (mg of N) 

Time (Days) 

Time (Days) 



48 

Case 2 Results interpretation 

4  – É tu d e  e x p é r im e n ta le  e n  m ic r o c o sm e s  ( f la c o n s  à p la s m a )

d  – V o ie s  d e  r é d u c t io n  d u  n itr a te  (3 )

2 6

0 ,6 2 5  C H
3
C O O H  +  N O

3
-
 H C O

3
- +  0 ,2 5  C O

2
+  0 ,7 5  H

2
O  +  0 ,5  N

2

Δ G
0

=  -5 1 8  k J .m o l -1 d e  n i tra te  (T h a u e r  e t  a l .,  1 9 7 7 )

P r o d u c t io n  d e  N
2

=  D é n itr if ic a t io n

O b se rv a tio n  d a n s 1 3  c a s  su r  le s  2 0  

in je c tio n s  d e  n itra te

P ré se n c e  d e  so u rc e  d e  c a rb o n e  o rg a n iq u e  

 p ro b a b le m e n t d é n itr if ic a t io n  

h é té r o tr o p h e

Observed in 13 cases upon 20 

4  – É tu d e  e x p é r im e n ta le  e n  m ic r o c o sm e s  ( f la c o n s  à p la s m a )

d  – V o ie s  d e  r é d u c t io n  d u  n itr a te  (5 )

2 8

N O
3

- +  4  H
2  

+  2  H +
 N H

4
+ +  3  H

2
O  

Δ G
0

=  -6 7 7  k J .m o l -1 d e  n i tra te  (T h a u e r  e t  a l .,  1 9 7 7 )

R e m a rq u e :  le  N
2
O  e s t  u n  in te rm é d ia ire  à  

la  fo is  d e  la  d é n itr if ic a tio n  e t  d e  la  

n i tra m m o n ific a t io n  ( W e lsh  e t  a l . ,  2 0 0 1 )

A b se n c e  d e  p r o d u c t io n  d e  N
2

=  N itr a m m o n if ic a t io n  ? ? ?

O b se rv a tio n  d a n s 4  c a s  su r  le s  2 0  

in je c tio n s  d e  n itra te

No N2 production = Nitramonification?  

Observed in 4 cases upon 20 
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Identification of the shifting parameter  

4  – É tu d e  e x p é r im e n ta le  e n  m ic r o c o sm e s  ( f la c o n s  à p la s m a )

e  – Id e n t if ic a t io n  d u  p a r a m è tr e  e m p ê c h a n t  la  d é n itr if ic a t io n  (2 )

R é su lta ts  d e  l’a n a ly se  s ta t is t iq u e  (p < 1 0 -5 ) :

P ro d u c tio n  d e  N
2

=  0 ,5 2 4 5  + 0 ,1 0 5 9   [a c é ta te ] – 6 ,2 1 5 3   [H
2
S ] R ²= 0 ,8 0 1

P a ra m è tre  

fa v o r is a n t  la  

p ro d u c tio n  d e  N
2

(c o e ffic ie n t p o s it i f)

P a ra m è tre  a y a n t  u n  

e f fe t  n é g a tif  su r  la  
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Statistical analysis : 

     N2 production 

 

Positive effect on  

N2 production 

 

(Positive coefficient) 
 

 

Negative effect on  

N2 production 

 

(Negative coefficient) 
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Evaluation of H2S effect 

4  – É tu d e  e x p é r im e n ta le  e n  m ic r o c o sm e s  ( f la c o n s  à p la s m a )

f  – R e p r o d u c t io n  d u  p h é n o m è n e … (2 )

In je c t io n  d e  H
2
S  so u s  fo rm e  g a z e u se  d è s  l’ in je c tio n  d e  n i tra te

L e s  ré a c te u rs  c  e t  d   c o n c e n tra tio n  H
2
S  > > 3 5
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Evaluation of H2S effect 

4  – É tu d e  e x p é r im e n ta le  e n  m ic r o c o sm e s  ( f la c o n s  à p la s m a )

f  – R e p r o d u c t io n  d u  p h é n o m è n e … (3 )

R é d u c tio n  d u  n itra te  d a n s  le s  4  ré a c te u rs

L e s  ré a c te u rs  c  e t  d   ré d u c tio n  p lu s  lo n g u e 3 6
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Evaluation of H2S effect 

4  – É tu d e  e x p é r im e n ta le  e n  m ic r o c o sm e s  ( f la c o n s  à p la s m a )

f  – R e p r o d u c t io n  d u  p h é n o m è n e … (4 )

L a  p ré se n c e  d e  H
2
S

d is s o u s
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Evaluation of H2S effect 

4  – É tu d e  e x p é r im e n ta le  e n  m ic r o c o sm e s  ( f la c o n s  à p la s m a )

f  – … id e n t if ic a tio n  d e  la  r é a c tio n  d e  c o n v e r s io n (5 )

D é m o n s tra tio n  fo rm e lle  d e  la  ré d u c tio n  d u  n i tra te  e n  a m m o n iu m

L a  n itr a m m o n if ic a tio n re m p la c e  la  

d é n itr if ic a t io n  d a n s  le s  ré a c te u rs  c  e t  d
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Is nitramonification happening? 
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Mesocosm experiment 
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Field experiment 
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Anaerobic OM degradation 

Numerous reactions 
Hydrolysis 
Acidogenesis 
Acetogenesis 
Methanogenesis 

 
Numerous 

microorganisms are 
involved 

 
Complex process 

 
Two main reactions can 

lead to methane 
production 

 

Complex organic matter 
(proteins, lipids, sugars) 

Organic acids 
(lactate, propionate) 

CO2 + H2 Acetate 

Biogas 
CH4 + CO2 

A
C

ID
O

G
EN

ES
IS

 
A

C
ET

O
G

EN
ES

IS
 

M
ET

H
A

N
O

G
EN

ES
IS

 

Aceticlastic 
archaea 

Hydrogenotrophic 
archaea 

Hydrolytic 
bacteria 

Neutral components 
(alcohols, glycerol) 

Simple organic matter 
(amino acids, fatty acids) 

Acidogenic 
bacteria 

Acetogenic 
bacteria 

H
Y

D
R

O
LY

SI
S 
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Methanogenesis 

Biogas 

CH4 + CO2 

Acetate 

CH3COOH 

 Aceticlastic 

methanogenesis 
 Hydrogenotrophic 

methanogenesis 

CO2 

+ H2 

Aceticlastic methanogenesis :                   CH3COOH -> CH4 + CO2 

Hydrogenotrophic methanogenesis :                  4H2 + CO2 -> CH4 + H2O 

66 % 33 % 

During OM degradation 
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Archaea 

Aceticlastic 
methanogenesis 

    Methanosarcina 

Methanosaeta 

Hydrogenotrophic 
methanogenesis 

Methanobacterium,  
    Methanobrevibacter, 
       Methanosphaera, 
           Methanothermobacter, …  

Methanoculleus 

    Methanosarcina 

Life phylogenetic tree (C. WOESE) 
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 Molecules containing heavy isotopes undergo the same chemical or 
biological reactions than light molecules, but simply because chemical 
bonds involving heavy isotopes are stronger, they have slower reaction rates 

 

 

 

 

 

 

 

 

 

 Due to these tiny differences in reaction rates the products of reactions 
have different isotope ratios than the source materials 

 

12C-12C 

12C-12C 

12C-12C 

12C-12C 

13C-12C 

13C-12C 

13C-12C 

13C-12C 

12C-12C 

Isotopic fractionation 

Substrate 

Products 

12CH4 12CH4 

12CH4 

12CH4 

12CH4 
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][    1000
R

RR
C

00

0

standard

standardsample13





0 

13C (‰) PDB 
(Standard) 

Enrichment in 13C Enrichment in 12C 

Delta notation is a way to express isotopic composition of a sample relative to 
an international  standard (marine carbonate, PDB) 

 
 When 13C is positive, the sample is enriched in 13C / Standard 
 
 When 13C is negative, the sample is enriched in 12C / Standard 

R =13C/12C 

Isotopic composition 
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CO2 / H2 

Acetate 

10 ‰ 

-20 ‰ 

CH4 

0 ‰ 

CH4 

-60 ‰ 

-47 ‰ 

-95 ‰ 

 

Isotopic composition is generally different  
between CO2 and Acetate 

 

MOREOVER 
 

Microorganisms use preferentially 12C 

 
 
 

Methane will always be enriched in 12C 
compare to the substrate used 

& 
Isotopic fractionation is more important for the 

hydrogenotrophic methanogenesis 

 Using bibliographic data, it’s possible to determine 
the methanogenic pathway by using methane 

stable isotopic composition 

 

Stable isotopic approach 
13C (‰) 

The stable isotopic 
approach is already 

used for the study of 
natural methanogenic 

environnement 
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Waste incubations (35°C vs 55°C) 

T°C = 35°C 

Batch reactors 
 

Inoculum: « Landfill leachate » 
Substrate: Reconstituted MSW  

Liquid medium : Carbonated solution 

T°C = 55°C 
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0 20 40 60 80 100 120

35°C

55°C

 At 55°C, Methanogenesis startup is enhanced compare to 35°C 

 At 35°C, final cumulated methane production is more 
importante compare to 55°C   

55°C 

Time (days) 

Cumulated CH4  production 
(mL.kg-1 of Dry Matter) 35°C 

Methane production - Waste incubations (35°C vs 55°C) 
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T°C = 35°C 

Time (days) 

Isotopic composition 
(‰ )  

Aceticlastic pathway Hydrogenotrophic pathway 

 Firstly, we have a decrease of 
δ13CH4 

 During active methane production 
phase , methane appears to be 
produced by the aceticlastic 
pathway 

 And finally methane appears to be 
produced by both metabolisms 
(syntrophic propionate oxydation) 

Isotopic composition - Waste incubations (35°C vs 55°C) 
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Isotopic composition 
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Isotopic composition 
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Aceticlastic pathway Hydrogenotrophic pathway 

Isotopic composition - Waste incubations (35°C vs 55°C) 

 Methane is produced by 
hydrogenotrophic pathway 

  
 

 But acetate is produced and 
consumed 

 
 

 SAO reaction 

 (Syntrophic Acetate Oxidation) 

Concentration  
(mg.L-1 ) 

0
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1000

1500

2000

0 20 40 60 80 100 120

Acétate
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Syntrophic Acetate Oxidation 

 

Biogas 

CH4 + CO2 

Acetate 

CH3COOH 

 Aceticlastic 

methanogenesis 
 Hydrogenotrophic 

methanogenesis 
 CO2 

+ H2 

 Homoacetogenesis 

 Acetate 

oxidation 

Aceticlastic methanogenesis :                   CH3COOH -> CH4 + CO2 

Hydrogenotrophic methanogenesis :                  4H2 + CO2 -> CH4 + H2O 
Homoacetogenesis :    4H2 + CO2 -> CH3COOH + 2H2O 
Acetate oxidation :   CH3COOH + 2H2O ->  4H2 + CO2  

66 % 33 % 

 SAO 
 

Syntrophic Acetate 

Oxidation 

During OM degradation 

0 % 100 % 
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 At 55°C, Methanomicrobiales is the 
dominant archaeal order present 

Sequencing result agree with previous 
interpretation at 55°C (SAO) 

55°C 

     Domain              Order       Percentage* 

*  Number of sequences identified in regard to the number analyzed 

** Sequences originating from 2 or more distinct DNA templates 

Sequencing results - Waste incubations (55°C) 

Putative chimera** 

67 
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1)   CH3COOH + 2H2O -> 4H2 + 2CO2         Bacteria 

A two steps reaction : 

2)       4H2 + CO2 -> CH4 + 2H2O                Archeae 

Syntrophic relationship between  

 

bacteria and  archaea  

! 

Syntrophic acetate oxidation 
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Identification of functional microorganism 

Composé 

marqué 13C 

CO2 

Complexe 

ecosystem 

13C enriched nucleic 

acid recovery 
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Complex organic matter 
(proteins, lipids, sugars) 

CO2 + H2 Acetate 

Biogas 
CH4 + CO2 

A
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Aceticlastic 
archaea 

Hydrogenotrophic 
archaea 

Hydrolytic 
bacteria 

Neutral components 
(alcohols, glycerol) 

Simple organic matter 
(amino acids, fatty acids) 

Acidogenic 
bacteria 

Acetogenic 
bacteria 

H
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D
R
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LY

SI
S 

Organic acids 
(lactate, propionate) 

Cellulose hydrolysis 
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Why it is important to improve cellulose anaerobic digestion?  

Cellulose 

80 % of the methane potential Kinetic limiting step 

Cellulose Hydrolysis Municipal solid waste composition 

Identification of microorganisms involved in cellulose hydrolysis 
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Stable isotope probing (SIP) 

Ultracentrifugation :  

Séparation de l’ADN enrichi – non-enrichi   

 

13C enriched  

substrat 

DNA extraction 

Sequencing 

Presumed Fonctional microbial  

group identification 
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Incubations 

35°C 55°C 

Cellulose 12C et 13C 

 Glucose 12C et 13C 

  Acetate 12C et 13C 
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Radajewski, Nature, 2000 

SIP during cellulose degradation 

Stable isotope probing (SIP) 
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Identification of involved microbial group 

  

Involved in the first step of cellulose  

degradation à 35°C   

UCL284 

 

Acetivibrio 

CLO490 

 

CLO535 

Clostridium 

Involved in glucose degradation at 35°C  
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FISH (Fluorescence In Situ Hybridization ) 

Fixation 

Sample 

 Fixed sample 

FISH Probe 

Hybridization Excitation 

Observation 

6 
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Spatial distribution of microorganisms 

 

Clostridium in   

glucose 

incubation 

Acetivibrio on  

cellulose fibers 
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Cumulated  CH4  production 
(mL.g-1 of acetate) 

Time (Days) 

 C1 & C2: Immediate start of methanogenesis 

 C3 & C4: High latency 

 Similar level of methane production at the end 

AMMONIA EFFECT  



79 

Time (days) 

Is
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 (
‰

 ) 
 

Acetoclastic methanogenesis 

Hydrogenotrophic 
methanogenesis 

 C1& C2:  Acetoclastic methanogenesis 

 C4: Syntrophic acetate oxidation 

79 

ISOTOPIC COMPOSITION 

Methanosarcinaceae 

Methanosaetaceae 

FISH observation 
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Syntrophic acetate oxidation 

CH3COOH -> 2 CO2 + 2 H2 

4H2 + CO2 -> CH4 + H20 

Hattori, 2008 

 



81 

SECONDARY IONS MASS SPECTROMETRY (SIMS) 

Surface analysis technique 

Mass Spectrometer 

Ions primaires 

Cs+ 

12C- 

13C- 

   F- 

Ions  

secondaires 12 m/z 13 19 

  Two-dimensional mapping of elemental and isotopic composition the  

   surface of a sample 
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Nano sims 

•haute résolution latérale (~50nm en césium )  

•détection parallèle de cinq images ioniques distinctes  

•Sensibilité de l’ordre du ppm 

 

-Unité Imagerie intégrative : de la molécule à l'organisme, Inserm/Institut  

  Curie (JL. Kerguin-Kern, Alain Croisy, Ting-Di Wu) 
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Cs+ 

12C- 

13C- 

   I- 

12 13 127 

SIMS 

Visualization of function and identity by FISH-SIMS 

Identity 

I % 13C 

Function 

Involved 

Involved  
But not alone 

Enriched 13C  

Substrat 

 

FISH 

GCTGCCTCCCGTAGGAGT 

Involved 
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Bacillus subtilis +  E. coli  100% 13C hybridized by iodine probe 

  

 

 

  

 

 

  

S I 13C 

Visualization of the whole 
biomass 

 
 
 

Visualization of the  
targeted strain 

Visualization of the  
isotopic enrichment 

Co-localisation 
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E.coli 40% 13C  EubI + B.subtilis 10% 13C 

13C 

I 

13C 

  +  

I 

Possibility of distinguishing  
different levels of enrichment 
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ISOTOPIC COMPOSITION MEASUREMENT 

% 13C IRMS % 13C SIMS 

1,10 ± 0,00 1,1 ± 0,03 

8,86 ± 0,09 9,6 ± 0,17 

33,99 ± 0,08 32,6 ± 0,22 

58,12 ± 0,47 58,0 ± 0,41 

E. coli 1%, 9%, 63%, 95%  en 15N  
+   

E. coli  37% en 15N, hybridized by the 
probe EubI (Iode) 

E. coli 1%, 9%, 58%, 90%  en 13C +   
E. coli  34% en 13C, hybridized by 

the probe EubI (Iode) 

% 13C IRMS % 13C SIMS 

9,25 ± 0,10 10,1 ± 0,17 

36,46 ± 0,21 38,9 ± 0,19 

63,99  66,5 ± 0,13 

CARBONE NITROGEN 
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 The isotopic enrichment of members of the 
Methanosarcinaceae family shows their involvement in 

the syntrophic oxidation of acetate. 

in addition  

% of Carbone 13 

Iodine– MS1414 

SIMSISH image  

Methanosarcinaceae  

30% of 13C 

 

Bacterium-like structures also exhibit non-
natural isotopic enrichment (40%) 

METHANOGENES  IDENTIFICATION  BY SIMSISH 

The OSA appears to be made by a syntrophic  
relationship Bacterium-Methanosarcinaceae 
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 No latency 

 Synthrophic acetate oxidation 
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ACETATE REINJECTION 

Importance of inoculum acclimatation 
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From the black box to the grey box 

Substrats 

Products 

Tools for exploring  

metabolic pathways 
Functional microbiota 

identification tools 

Isotopic 

Biogeochemistry 
Molecular 

biology 

Demonstration of the inhibition of certain metabolic pathways 

Identification of the responsible microorganisms 

 Bio-augmentation strategies often show limitations 

 Relationship between diversity, structure and ecosystem functions 

% de Carbone 13 

SIMSISH 

Bactéries 

Archées 

Fibre de cellulose 

Colonisation par des bactéries 
 du genre Acétivibrio 

Acetoclastic methanogenesis 

 

       SAO 



90 

METAOMIC APPROACHES 

DNA
 
 
  
  

Microbial community 

Waste 

Substrats 

Products 

Transcription Traduction 

Effluents 

Metagenomic 

Metatranscriptomic 

Metaproteomic 

Metabolomic 

RNA Protein 


