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Context: Brewer’s spent grain acidogenic fermentation

4

Brewer’s spent grain 

(BSG)

Short- chain carboxylates 

(SCC)

Acetate

Propionate

Butyrate

Pentanoate

-
0-3

Microbial community

Acidogenic fermentation  



Context: Chain elongation
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Context: Brewer’s spent grain → MCC

Medium chain carboxylates 
(MCC)

H2 CO2

N2

[Henry et al., 2023]
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Context: Brewer’s spent grain & H2 → MCC

H2 CO2

H2

H2 consumption stopped 
when acidogenic CO2 is exhausted

MCC production 
increased by factor 2 

Medium chain carboxylates 
(MCC)

[Henry et al., 2023]
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Context: Brewer’s spent grain, H2 & CO2 → MCC

Medium chain carboxylates 
(MCC)

H2 CO2

H2
CO2

Supplied H2 and CO2

simultaneously consumed

[Henry et al., 2023]
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Objective of the study

Identifying the chain elongation pathway
used by microorganisms 

during this second elongation phase
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Second elongation phase is H2 and CO2 dependent

Experimentally measured H2 / CO2 consumption molar ratio:

RH2/CO2_experiment = (559 molH2
/ 182 molCO2

) = 3.07 [molH2
/ molCO2

] 

[Henry et al., 2023]

H2 CO2

-300

-200

-100

0

100

0 7 14 21

C
O

2
p

ro
d

u
ct

io
n

 (
m

o
l m

- ³
M

L)

Time (d)

0

4

8

12

0 7 14 21

M
C

C
 p

ro
d

u
ct

io
n

 (
kg

C
O

D
m

- ³
M

L)

Time (d)

Medium Chain Carboxylates 
(MCC)

H2 CO2

-1000

-800

-600

-400

-200

0

0 7 14 21

H
2

p
ro

d
u

ct
io

n
 (

m
o

l m
- ³

M
L)

Time (d)

Second 
elongation 

phase

Second 
elongation 

phase

Second 
elongation 

phase

559
molH2

182
molCO2



11

Short- chain carboxylates are consumed during the second elongation phase
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RH2/CO2
as link between experimental and stoichiometry

CH3[CH2]mCOO-

Short- chain 
carboxylates

m ≥ 0 

+        H2 +     CO2 CH3[CH2]m+2COO-

Elongated 
carboxylates

m + 2

+      H2O

[Henry et al., 2023]

H2 CO2

Second elongation:

▪ Occurs only with a supply of H2 AND CO2

▪ H2 & CO2 simultaneously consumed
▪ Short- chain carboxylates consumption
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RH2/CO2
as link between experimental and stoichiometry

n CH3[CH2]mCOO-

Short- chain 
carboxylates

m ≥ 0 

+      6n H2 +      2n CO2 n CH3[CH2]m+2COO-

Elongated 
carboxylates

m + 2

+      4n H2O

[Henry et al., 2023]

H2 CO2

Stoichiometric H2 / CO2 consumption ratio

RH2/CO2_Stoichiometry = 6n / 2n = 3
≈

Experimental H2 / CO2 consumption ratio

RH2/CO2_experiment = 3.07 [molH2
/ molCO2

] 

Second elongation:

▪ Occurs only with a supply of H2 AND CO2

▪ H2 & CO2 simultaneously consumed
▪ Short- chain carboxylates consumption
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Is this chain elongation pathway thermodynamically valid ?
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The standard Gibbs free energy of change FAVORABLE

ΔG° = - 143.9 ± 0.6 kJ mol-1

Independent of the stoichiometric coefficient m
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To conclude

n CH3[CH2]mCOO- +      6n H2 +      2n CO2 n CH3[CH2]m+2COO- +      4n H2O

Chain elongation pathway used by microorganisms based on

carboxylates, H2 and CO2 consumption 

Experimentally measured: RH2/CO2_experiment = 3.07 [molH2
/ molCO2

] 

Stoichiometrically confirmed: RH2/CO2_Stoichiometry = 6n / 2n = 3

Thermodynamically validated: ΔG° = - 143.9 ± 0.6 kJ mol-1
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The 12 principles of green chemistry
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pH evolution during fermentation
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Soluble COD and total metabolites concentration
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CO2, H2, MCC production and ethanol concentration
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Metabolite productions according to the condition tested
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[Henry et al., 2023] 30
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COD balance (start – end)
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Day 11 – 21

H2 H2

H2

CO2 CO2

CO2

C2

C2

C2

C2
C2

C3

C3

C3

C4
C4

C4
C4

C4C5

C5

C5

C6

C6

C6

C6

C7

C7

C7

C8
C8

CH4

CH4

0

200

400

600

800

1000

1200

H
2

&
 C

O
2

e
q
 c

o
n
s
./

p
ro

d
. 
(m

o
l 
m

- ³
M

L
)

eq_H2eq_H2eq_CO2
eq_CO2 eq_CO2eq_H2

cons. prod. cons. prod. cons. prod. cons. prod. cons. prod. cons. prod.

-1600

-1200

-800

-400

0

0

10

20

30

40

0 7 14

M
C

C
 p

ro
d

u
ct

io
n

 (
m

o
l m

- ³
M

L)

Time (d)

-1600

-1200

-800

-400

0

0

10

20

30

40

0 7 14
Time (d)

-1600

-1200

-800

-400

0

0

10

20

30

40

0 7 14

H
2

, C
O

2
an

d
 C

H
4

p
ro

d
u

ct
io

n
 (

m
o

l m
- ³

M
L)

Time (d)

MCC MCC MCC

H2 H2 H2

CO2CO2CO2 CH4 CH4
CH4

Bioreactor ① Bioreactor ② Bioreactor ③

Bioreactor ① Bioreactor ② Bioreactor ③

Carbon and electron balances in term of eq_H2 and eq_CO2

(3n-2) H2 + nCO2 → CH3[CH2]n-2COOH + (2n-2)H2O



36

3n H2 + n CO2

n
2

CH3[CH2]mCOOH

n
2

CH3[CH2](m+2)COOH + 2n H2O
CH3[CH2](n-2)COOH + (2n – 2) H2O + 2 H2

H2/CO2 = (3n – 2) / n H2/CO2 = 3n / n = 3 

H2- and CO2-based chain elongation 

Without short-chain carboxylate supplied

H2- and CO2-based chain elongation 

with short-chain carboxylate supplied

n
2

CH3CH2OH + 3n
2

H2O
Eq. 2Eq. 1’

Eq. 3

Eq. 4’

Eq. 5’

Two pathways : carboxylates based or not

[Henry et al., 2023]
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Thermodynamic of the pathways

[Henry et al., 2023]
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Assembled and filled bioreactors

[Henry et al., 2023]

Gas sampling 

and supply
Liquid sampling 

and supply

Headspace

Mixed liquor

Three-way Luer lock

Mohr pinchcock

Stainless-steel headpiece
O-ring rubber seal

Pierced GL 45 screw cap

Liquid sampling PVC tube

Schott bottle
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Context: Carboxylates as platform molecule
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