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Abstract

Biohydrogen production by microorganisms including Clostridium and Received: 24 December 2022
Enterobacter are covered. Artificial microbial consortia have no Accepted: 17 March 2023
complications as the pure culture. Further avails the effect of Page Number: 78-103

environments interaction on each other and yield of hydrogen production.
The present review paper discloses the pathway of hydrogen production
by Enterobacter and Clostridium, the rate of growth of
the microorganism, The potential of carbohydrate substrate metabolism,
pH and temperature influence, and the ratio of experimental to
theoretical yield under anaerobic conditions. Enterobacter by Pyruvate
formate-lyase (PFL) and Clostridium Pyruvate-ferredoxin oxidoreductase
(PFOR) vyield 2 mol H,/ mol glucose and 4 mol H,/ mol glucose. On
the count of the present comparison 1.36 to 2.205 mol H,/mol glucose
produced by Enterobacter and Clostridium, respectively, 38% Keywords:
discrepancy of practical yield is observed. For hydrogen production
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o ’ ) ' ) Enterobacter,
Clostridium needs strict anaerobic environments and L-cysteine are s
added, while Enterobacter in consortia uses oxygen and as a result . '
. . . . . Environmental Parameters,
the production cost is reduced. The consortia are potential to metabolize S
ubstrate,

simple and complex carbon sources like glucose, starch wastewater and
lignocellulose wastes. Moreover, reasonably high inoculate ratio of
Enterobacter, pH, and, temperature ranges of 5-7 and 30-39°C are Microbial Consortia
effective for biohydrogen production.

Biohydrogen,
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Figure 1. The trend of energy consumption from various sources and the intensity of carbon
dioxide emissions in the world from 2000 to 2050 [1].
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Figure 2. Hydrogen production fermentation pathway: Pyruvate formate-lyase (PFL) pathway in Facultative anaerobic bacteria and
Pyruvate-ferredoxin oxidoreductase (PFOR) pathway in obligate anaerobic bacteria. Enzymes: 1- Formate hydrogen lyase 2- [NiFe] -

hydrogenase 3- Ferredoxin-dependent [FeFe]-

hydrogenase 4- [FeFe|- hydrogenase dependent on

NADH 5- [FeFe]- hydrogenase dependent on ferredoxin and NADH [26].
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Figure 3. Comparison of practical yield of hydrogen production and glucose Consumption in Enterobacter and Clostridium.
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Table 1. Hydrogen production yield using simple sugars by Enterobacter and Clostridium.

Cultivation condition

[Temprature (°C)/pH References

Organisem

Subestrat/(g/L) H, Yield

I3

YA-YY P — Q';M 9 gs’yb‘*“l’ @W'

AY

o\
-;\ Enterobacteriaceae
Monosaccharide
“ 2.2 (mol Hy/mol
. g Enterobacter cloacae IIT-BT 08 Glucose/ 10 Batch/36/6 (mol H,/mo [40]
glucose)
3.31 (mol H,/mol
4 Enterobacter cloacae DM11 Glucose/ 10 Batch/37/6.5 élucoss [39]
9 o . 1.45 (mol H,/mol
Escherichia coli K-12 MG1655 Glucose/ 3 Batch/37/6.5 [38]
. glucose)
: o 0.84 (mol H,/mol
Escherichia coli S3 Glucose/ 5 Batch/30/6.8 (mol Hy/mo [37]
: glucose)
‘ o .49 (mol H,/mol
Escherichia coli S6 Glucose/ 5 Batch/30/6.8 049 (mol Hy/mo [37]
glucose)
_ . . I H |
Escherichia coli WDHL Glucose/ 15 Batch/37/6 03 (mol H,/mo [36]
glucose)
_ . 1.51 I H,/mol
Escherichia coli DJT135 Glucose/ 10 Batch/35/6.5 (mol Ha/mo [35]
glucose)
1 IH |
Enterobacter aerogenes HO-39 Glucose/ 10 Batch/38/6.5 (mol Ha/mo [34]
glucose)
0.8 I H,/mol
Enterobacter aerogenes HO-39 Glucose/ 10 Fed batch/37/6.5 (mol Hy/mo [34]
glucose)
Enterobacter aerogenes
| 21.2 Batch 1 =
ATCC29007 Glucose/ 5 atch/38/6.13 [39]
0.89 I H,/mol
Enterobacter aerogenes E 82005 Glucose/ 10 Batch/37/5.8 (mol H,/mo [33]
glucose)
1 (mol H,/mol
Enterobacter aerogenes E 82005 Glucose/ 10 Batch/38/5.8 [32]
glucose)
1.87 | H |
Enterobacter aerogenes W23 Glucose/ 5 Batch/35/6.5 87 (mol Hy/mo [31]
glucose)
1.97 I H,/mol
Enterobacter aerogenes HO-101 Glucose/ 10 Batch/37/6.3 (mol Hz/mo [30]
substrate)
1.02 I H |
Escherichia coli DJT135 Arabinose/ 10 Batch/35/6.5 0 (m_o 2/Mo [35]
arabinose )
. 1.56 I H,/mol
Enterobacter aerogenes IAM 1183 Arabinose/ 10 Batch/37/6.3 (mo 2 mo [73]
hexose equivalent )
1. I H |
Enterobacter cloacae IIT-BT 08 Arabinose/ 10 Batch/36/6 ° (mq 2/Mo [40]
arabinose )
A4 I H |
Enterobacter aerogenes IAM 1183 Rhamnose/ 5 Batch/37/6.3 048 (mo _Zlmo [73]
hexose equivalent)
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Cultivation condition

Ref
[Temprature (°C)/pH eferences

Organisem

Subestrat/(g/L) H,Yield

Escherichia coli DJT135
Enterobacter cloacae IT-BT 08
Enterobacter aerogenes IAM 1183
Escherichia coli DJT135
Enterobacter cloacae IIT-BT 08
Enterobacter aerogenes HO-101
Enterobacter aerogenes IAM 1183
Escherichia coli DJT135
Enterobacter aerogenes HO-101

Enterobacter aerogenes IAM 1183

Clostridium

Monosaccharide

Clostridium DMHC-10
Clostridium Sp.R1
Clostridium beijerinckii L9
Clostridium beijerinckii Fanp 3
Clostridium beijerinckii AM21B

Clostridium beijerinckii RZF-1108
Clostridium beijerinckii ATCC 8260

Clostridium beijerinckii L9
Clostridium beijerinckii RZF-1108
Clostridium butyricum ATCC19398

Clostridium butyricum W5

Clostridium butyricum EB6
Clostridium butyricum CWBI1009

Clostridium butyricum TM-9A

Xylose/ 10

Xylose/ 10

Xylose/ 5

Froctose/ 10

Froctose/ 10

Froctose/ 10

Galactose/ 10

Galactose/ 10

Galactose/ 10

Mannose/ 10

Glucose/ 10

Glucose/ 2

Glucose/ 3

Glucose/ 10

Glucose/ 10

Glucose/ 9
Glucose/ 2.34

Glucose/ 6

Glucose/ 10

Glucose/ 3

Glucose/ 10

Glucose/ 15.7

Glucose/ 5

Glucose/ 10

Batch/35/6.5

Batch/36/6

Batch/37/6.3

Batch/35/6.5

Batch/36/6

Batch/37/6.3

Batch/37/6.3

Batch/35/6.5

Batch/37/6.3

Batch/37/6.3

Batch/37/5

Batch/30/6

Batch/35/7.2

Batch/35/6.47-6.98

Batch/36/6.5

Batch/35/7
Batch/30/6.3

Batch/35/6.4

Batch/35/6.5

Batch/35/7.2

Batch/39/6.5

Batch/37/5.6

Batch/30/5.2

Batch/37/8

0.57 (mol H,/mol
xylose )

0.95 (mol H,/mol
xylose )

2.64 (mol Hy/mol

hexose equivalent)

1.27 (mol H,/mol
fructose)

1.6 (mol H,/mol
fructose)
2.17 (mol Hy,/mol
substrate)
0.48 (mol H,/mol
hexose equivalent)
0.69 (mol H,/mol
galactose)

1.9 (mol H,/mol
substrate)
0.96 (mol H,/mol
hexose equivalent)

3.35 (mol H,/mol
glucose)
2.01 (mol Hy/mol
glucose)
2.81 (mol H,/mol
glucose)
2.52 (mol H,/mol
glucose)

1.8 (mol H,/mol
glucose)
1.97 (mol H,/mol
glucose)
1.72 (mol H,/mol
glucose)
1.96 (mol H,/mol
glucose)
2.26 (mol H,/mol
glucose)
0.81 (mol H,/mol
glucose)

2.2 (mol H,/mol
glucose)

1.7 (mol H,/mol
glucose)

3.1 (mol H,/mol
glucose)

[35]
[40]
[73]
[35]
[40]
[30]
[73]
[35]
[30]

(73]

[46]
[44]
[43]
[58]
[57]

[56]
[74]

[47]
[53]
[43]
[52]
[51]
[45]

[50]
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Organisem

Clostridium butyricum W5

Clostridium tyrobutyricum FYal02

Clostridium acetobutylicum M121

Clostridium tyrobutyricum JMI

Clostridium tyrobutyricum JMI

Clostridium tyrobutyricum ATCC
25755

YAV Y s jpo— o) g oYLl Sledol

Clostridium tyrobutyricum FYal102
Clostridium butyricum strain SC-E1
Clostridium butyricum strain SC-E1
Clostridium butyricum CICC 20763
Clostridium butyricum CICC 20763
Clostridium butyricum TM-9A 3
Clostridium butyricum TM-9A 3
Clostridium butyricum TM-9A 3
Clostridium Sp.R1
Clostridium butyricum TM-9A 3
Clostridium butyricum TM-9A 3
Clostridium Sp.R1
Clostridium butyricum TM-9A 3

Clostridium Sp.R1

Enterobacteriaceae

Disaccharide

Escherichia coli DJT135
Enterobacter cloacae IIT-BT 08

Escherichia coli DJT135

Subestrat/(g/L)

Glucose/ 3

Glucose/ 3

Glucose/ 3

Glucose/ 20

Glucose/ 5

Glucose/ 50

Glucose/ 12

Glucose/ 5

Glucose/ 10

Glucose/ 15.66

Glucose/ 15.66

Arabinose/ 10

ribose/ 10

xylose/ 10

xylose/ 2

Fructose / 10

Galactose / 10

Galactose / 2

Mannose /10

Mannose /2

Trehalose/ 10

Cellobiose/ 10

Sucrose/ 10

Cultivation condition
/Temprature (°C)/pH

Batch/37/6.5

Batch/35/7.2

Batch/35/7.2

Batch/37/6.3

CSTR /37/6.3

Fed batch /37/5.7

CSTR /35/6

Continious /37/6.7

Continious /37/6.7

Batch/35/6.5

Batch/35/6.5

Batch/37/8

Batch/37/8

Batch/37/8

Batch/30/6

Batch/37/8

Batch/37/8

Batch/30/6

Batch/37/8

Batch/30/6

Batch/35/6.5

Batch/36/6

Batch/35/6.5

H,Yield

2.09 (mol H,/mol
glucose)
1.47 (mol H,/mol
glucose)

1.8 (mol H,/mol
glucose)
3.24 (mol H,/mol
glucose)
1.81 (mol H,/mol
glucose)
2.33 (mol H,/mol
glucose)
1.42 (mol H,/mol
glucose)
2-2.3 (mol Hy/mol
glucose)
1.2-4 (mol H,/mol
glucose)
2.02 (mol H,/mol
glucose)?
2.02 (mol H,/mol
glucose)®
0.06 (mol H,/mol
arabinose )
0.84 (mol H,/mol
ribose )

0.59 (mol H,/mol
xylose)
0.633 (mol H,/mol
xylose)

0.84 (mol H,/mol
Fructose)
0.86 (mol H,/mol
galactose)
1.66 (mol H,/mol
galactose)
0.67 (mol H,/mol
Mannose)
1.68 (mol H,/mol
Mannose)

1.03 (mol H,/mol
Trehalose)
5.4 (mol H,/mol
cellobiose )
0.7 (mol H,/mol
Sucrose )
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Organisem

Enterobacter cloacae IIT-BT 08
Escherichia coli WDHL
Escherichia coli DJT135
Escherichia coli WDHL
Escherichia coli WDHL
Escherichia coli DJT135

Enterobacter aerogenes HO-39

Enterobacter cloacae |IT-BT 08

Clostridium

Disaccharide

Clostridium butyricum TM-9A 3

Clostridium Sp.R1

Clostridium acetobutylicum ATCC
824

Clostridium butyricum TM-9A 3
Clostridium Sp.R1
Clostridium butyricum TISTR 1032
Clostridium butyricum CGS5
Clostridium Sp.R1
Clostridium Sp.R1
Clostridium
Oligosaccharide
Clostridium butyricum TM-9A 3

Clostridium butyricum TM-9A 3

a: in 250 mL battel
b:in 3L reactor

Subestrat/(g/L)

Sucrose/ 10
Galactose/ 15
Lactose / 10

Lactose / 15

Maltose / 10
Maltose/ 10

Maltose/ 10

Maltose/ 10

Cellobiose/ 10
Cellobiose/ 2
Cellobiose/ 5
Sucrose/ 10
Sucrose / 2

Sucrose/ 22.3

Sucrose/ 17.8

Lactose/ 2

maltose/ 2

raffinose)/ 10

trehalose / 10

Cultivation condition
[Temprature (°C)/pH

Batch/36/6
Batch/37/6
Batch/35/6.5
Batch/37/6
Batch/37/5
Batch/35/6.5
Batch/38/6.5

Batch/36/6

Batch/37/8
Batch/30/6
Batch/35/6.5
Batch/37/8
Batch/30/6

Batch/37/6.5

Batch/37/5.5

Batch/30/6

Batch/30/6

Batch/37/8

Batch/37/8

H,Yield

6 (mol Hy/mol
Sucrose)
1.12 (mol H,/mol
galactose )
0.73 (mol H,/mol
lactose)
1.02 (mol H,/mol
lactose )
0.729 (mol H,/mol
maltose )
0.72 (mol H,/mol
maltose )
2.16 (mol H,/mol
maltose )
1.4(mol H,/mol
xylose )

0.94 (mol H,/mol
cellobiose )
3.52 (mol Hy,/mol
cellobiose )
2.3(mol H,/mol
cellobiose)
1.49 (mol H,/mol
Sucrose)
3.09 (mol Hy,/mol
Sucrose)
1.34 (mol H,/mol
sucrose)
2.78(mol H,/mol
sucrose)

3.24 (mol H,/mol
lactose )
3.13 (mol H,/mol
maltose )

2.7 (mol H,/mol
raffinose)
1.61 (mol H,/mol
trehalose)
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Table 2. Hydrogen production yield from complex compounds by Enterobacteriaceae and Clostridium genus bacteria.
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Cultivation o\
. . condition . s )
organism Characterising Substrate Preteatment H,Yield References <,
/Temprature 3\
(°C)/pH
Enterobacter *
Escherichia Corn starch 0.36 (mol g
coli hydrolysate Enzyme Batch/37/5.5 [82]
NCIMB 11943 (10 g/L) Ha/mol glucose) 5
Escherichia Corn starch 1.8 (mol H,/mol 9
coli hydrolysate - Batch/40/5.5 ' 2 [82]
NCIMB 11943 (10 g/L) glucose) _i
Enterobacter Whey 2,04 mol :
aerogenes wastewater (10 - Batch/30/6.8 il e [83]
MTCC 2822 g/L lactose) 2
Enterobacter
aerogenes R?;/\E/;.gsl);(;ir)ol - Cstr/37/6.4 0'8;;2?;[;0' [84]
ATCC 35029
Enterobacter Whey
aerogenes (18.5 g/L total Heat Batch/31/6.5 - [85]
MTCC 2822 carbohydrate)
Enterobacter
aerogenes Rice straw Enzyme Batch/37/6.5 19;?;53)” g [86]
PTCC 1221
Enterobacter
aerogenes (2/'0/:;)':5;:1?) - Continuous/38/6 2.55(:;c:rl)mol [87]
E 82005
Enterobacter
aerogenes (lz\g /leaj;zsr) - Continuous/38/6 S.S;lzgzlr/)mol [88]
E 82005
Cane molasses
Enterobacter (10g/L) and
cloacae g_roundnut - Batch/37/6.5 122 (mol Ha/ kg [79]
IT-BT 08 deoiled cake as CODremoved)
co-substrates
(25 g/L)
Distillery
Enterobacter effluent and
cloacae groundnut - Batch/37/6.5 7.4 (mol Ha/ kg [79]
IIT-BT 08 deoiled cake as COD:emoved)
co-substrates
(50 g/L)
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organism

Enterobacter
cloacae
IIT-BT 08

Enterobacter
cloacae
IIT-BT 08
Enterobacter
cloacae
IIT-BT 08
Enterobacter
aerogenes
HO-101
Enterobacter
cloacae
IIT-BT 08
Enterobacter
aerogenes
Enterobacter
aerogenes
ATCC 13048

Clostridium

Clostridium
thermocellum
ATCC27405

Clostridium
acetobutylicum
ATCC824

Clostridium
beijerinckii
AM21B
Clostridium
butyricum
CWBI1009

Clostridium
butyricum
TISTR1032

Clostridium
thermocellum
27405
Clostridium
thermocellum

JN4

Characterising Substrate

Starchy
wastewater and
groundnut
deoiled cake as
co-substrates
(75 g/L)

Potato starch
(10 g/L)

Carboxymethyl
cellulose
(10g/L)

Glycerol
(10g/L)

Chlorella
sorokiniana
(10 g/L)
Anabena
(10 g/L)
Scenedesmus
obliquus sp.
(2.5 galgaL_l)

Sugarcane
bagasse (10
g/L)

Cassava
processing
wastewater

(5g/L)
a-glucosidase,
B- glucosidase,
a-galacosidase

Starch (10 g/L)

Starch

sugarcane
bagasse
hydrolysate
(20 g/L)
delignified
wood fibers
(0.1 g/L)
microcrystallin
e cellulose
(GgL)

Cellulosome

Cellulosome

Preteatment

Acid

Alkaline

Acid

Cultivation
condition

[Temprature
(°C)/pH

Batch/37/6.5

Batch/36/6

Batch/36/6

Batch/37/6.3

Continuous/30/6

.8

Batch/30/6.7-6.8

Batch/30/6.8

Batch/55

Batch/36/7

Batch/36/7

Batch/30/5.6

Batch/37/5.5

Batch/55

Batch/60

H,Yield

7.6 (mol H,/ kg
CODremoved)

200 (ml H,/I per
h)

88 (ml H,/I per
h)
6.69 (mmol

H,/mol
substrate)

9 (mol H,/Kg
CODreduced)
0.0114
(kgHZ/kgbiomass)

57.6 mL H,/ g
Vsalga

2.41 (mol
H,/mol glucose)

1.8 (mol H,/mol
glucose)

2 (mol H,/mol
glucose)

1.73 (mol
H,/mol total
sugar)

1.6+0.67 (mol
H,/mol glucose)

0.8 (mol H,/mol
glucose)
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References

Clostridium Mechanical 1.5 (mol H,/mol
paraputrificum Chitinase chitin millin Batch/45/6 acetyl-D- [97]
M-21 d glucosamine)
Clostridium
. . 2.06 |
butyricum Jatropha hulls Acid Batch/35/6.5 H. Jrmol (:E::)ose) [55]
CICC 20763 /Moty
Clostridium
thermocellum Cellulosome date seeds Acid Batch/50/7 146.19 ( [98]
waste (3 g/L) mmol/L)
27405
Clostridium palm oil mill 0.38 (L Hy/g
- Batch .
LS2 effluent atch/36/6.5 CODadded) [59]
Clostridium
- cellul . 1.65 (mol
thermocellum Cellulosome a- cetiufose - Continuous/60/7 ( [100]
(29/L) H,/mol hexose)
27405
Clostr_ldlum ST Hydrolysate 0.76 (mol
butyricum Xvlose and pretreated - 1,750 55055 [101]
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organisem

Enterobacter

Enterobacter cloacae
IIT-BT 08

Enterobacter cloacae 811101

Enterobacter cloacae
IIT-BT 08

Enterobacter aerogenes
PTCC 1221

E. coli (XL1-BLUE)

Clostridium

Clostridium strain BOH3

Clostridium acetobutylicum
ATCC 824

Clostridium butyricum EB6

Clostridium beijerinckii L9

Clostridium strain BOH3

Clostridium cellobioparum

Clostridium phytofermentans
ATCC 700394

Clostridium populet i
DSM 5832

Clostridium cellulolyticum
ATCC 35319

Clostridium DMHC-10

Clostridium butyricum
CWBI1009

Cultivation condition
/Temprature (°C)/pH

Batch in 100 mL bottle /37/7.5

Batch in 250 mL bottle /-/7

Batch in 3000 mL bioreactor
/37/6.5

Batch in 118 mL bioreactor
/37/5.8

Batch in 2500 mL bioreactor
137/6.5

Batch in 250 mL bottle /37/6.8

Continuous in 2500 mL
bioreactor /37/5.5

Batch in 3000 mL bioreactor
137/5.6

Batch in 120 mL bottle /35/7.2

Batch in 250 mL bottle /37/6.8

Batch in arrow-necked
tubes/39/6.8

Batch in 250 mL bottle /35/6.5

Batch in 250 mL bottle /35/6.5

Batch in 250 mL bottle /35/6.5

Batch in 500 mL bottle /35/5

Batch in 2.3L bioreactor/30/5.2

anaerobic condition References
Nitrogen 0.24+ 7.38 mol H,/Kg [110]
CODreduced
Nitrogen 5.19 mol H,/mol sucrose [111]
Argon 3.1 mol H,/mol glucose [23]
nitrogen 19.73 ml/ g straw [85]
Formate 0.41 mol H,/mol formate [112]
L- cysteine (1 g/L), 2.43-2.51 mol H,/mol
. : [113]
nitrogen (5-7 min) hexose
L cyst.eme (LolL), 2.39 mol H,/mol glucose [113]
nitrogen
L- cysteine (0.5 g/L),
stz (@0 i) 2.2 mol H,/mol glucose [51]
Resazurin (0.175 mg/L), 2.81 (mol H,/mol 43]
nitrogen glucose)
L- cysteine (1g/L), nitrogen 2.89 (mol H,/mol
i [114]
(5-7 min) hexose)
L- cysteine (0.25g/L), 2.73 (mol H,/mol
resazurin (0.001 mg/L) glucose) [115]
nitranen
L- cysteine (0.5 g/L), 2.3 (mol H,/mol [116]
resazurin (1 mg/L), nitrogen cellobiose)
L- cysteine (0.5 g/L),
resazurin (1 mg/L), nitrogen 1.6 (mol H,/mol hexose) [116]
L- cysteine (0.5 g/L),
resazurin (1 mg/L), nitrogen 1.7 (mol Hy/mol hexose) [116]
resazurin (0.001 mg/L), 3.35 (mol H,/mol [46]
nitrogen glucose)
ol cystglne (0.5g/L). 1.7 (mol H,/mol glucose) [45]
nitrogen

Table 3. Anaerobic culture comparison of Enterobacter and Clostridium.
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